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Abstract 
This thesis is a study of some of the processes which operate at mid crustal levels (10-
20km) during the emplacement of granitoid magmas, with particular reference to the process 
of in-situ expansion and the association between magma emplacement and orogen evolution. 
A number of plutons were studied to assess this the Ardara pluton from Donegal, NW 
Ireland, together with the Atibaia, Morro Azul, Imbiricu and Itapeti plutons from the Rio 
Paraiba do Sul shear belt (RPSSB), Sao Paulo state, SE Brazil. 
The emplacement of the Ardara pluton has been the subject of studies by many 
authors since the 1950's. It has been interpreted as a diapir ascending along a thrust, a 
granite balloon which forcefully created more than 60% of its space and, most recently, as a 
set of nested diapirs which forcefully created only 30% of their own space. Field mapping 
together with the determination of finite strain within the pluton, shortening estimates, 
shear sense determinations, petrographic deformation fabrics and computer· modelling 
indicates that: i) the pluton displays a concentrically increasing finite strain and it 
expanded in-situ from a central 'injection point', having possibly ascended along a shear 
zone-related conduit; ii) the country rocks partitioned intense strains into the 500m closest to 
the pluton, a deformation feature which is shown to be consistent with a power-law wallrock 
rheology; iii) earlier granite pulses and the country rock were 'shouldered aside' to the east 
and west, expansion of the pluton, which was preferentially in a northwards direction; iv) 
that the intrusion related shortening preserved within the wallrocks was approximately 
equivalent to the strain preserved within pluton and the space requirements for the pluton 
are essentially met by preserved forceful emplacement-related strains; and v) if the pluton 
magma is considered as having ascended through dyke-like conduits emplacement could 
occur in a minimum of -4000yrs, whereas magma ascent as a Hot Stokes diapir would 
require hundreds of thousands to millions of years for complete emplacement. Finally, the 
Ardara pluton does not conform to any of the established criteria for diapir-like ascent of a 
magma body and the data demonstrate it to be a testable example of a pluton which 
expanded entirely in-situ. 
The Rio Paraiba do Sul shear belt (RPSSB) is a dextral transpressional segment of 
the Late Precambrian Brasiliano-Pan African orogenic belt. The studied plutons were 
emplaced in the latter stages of this orogen in close spatial association with one of the many 
northeast-southwest trending, sub-vertical, continental-scale shear zones. All the granites 
show a similar emplacement and deformation history despite their different petrographic 
features and isotopic ages. This history consists of an early shallowly dipping, low angle 
fabric, in the country rocks, associated with crustal thickening, the later development of 
v 
dominantly dextral sub-vertical shear zones, followed by the emplacement of the studied 
plutons and finally overprinting by a pervasive dextral plane strain and late-stage discrete 
mylonitic shears. 
Field examination demonstrates that: i) each of the plutons preserves an internally 
homogeneous emplacement-related finite strain, weak magmatic fabric, magma sheets and 
weakly deformed wallrocks; ii) magmatic shear sense determinations and wallrock 
deformation fabrics indicate that, during emplacement, the RPSSB was extending (at least 
at the emplacement level) in an east-west direction creating sinistral dilatational pull-aparts 
along the major shear zones, into which granitic magma was preferentially emplaced; and 
iii) within this generally extensional context there was a component of long axis 
perpendicular in-situ forceful expansion, this created no more than 20% of the width of any 
one granite. Applying a simple pull-apart extension model suggests that pluton emplacement 
was associated with approximately 40% regional extension sub-parallel to the former 
orogenic convergence direction. This emplacement, as a result of sheeting through dyke-like 
conduits, requires thousands of years, rather than the millions of years required for ascent 
and emplacement of a Hot Stokes diapir. Interpreting these results suggests that the 
intruded granitoids are associated with a mid-crustal component of orogen perpendicular 
extension I collapse during the latter stages of the Brasiliano orogeny. Such 
extension I collapse could have been initiated by: a cessation in continental convergence or; by 
the delamination of a thickened thermal boundary layer, a process which has been suggested 
to be the driving force behind orogenic collapse in younger orogenic belts. 
These examples demonstrate that: i) 'forceful' balloon-like emplacement of granitic 
magma can occur; ii) there are very close inter-relationships between granite emplacement 
and orogenic dynamics; and iii) that 'space' for granitoid magma can be created by a 
combination of forceful and dilatational and fault-related mechanisms. 
vi 
"It may be safely be asserted that, as matters now stand the advancement of 
Geology could not be carried on without the aid of an efficient body of post-graduate 
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SECTION 1 
Introduction 
"The geological record may extend over Earth history but 
geologists are notoriously poor at inferring tectonic processes 
from the crust ....... The problem is (as always) to ask the 
useful questions" - Dr Mike Bickle 
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Chapter 1 
Granitoid ascent, emplacement, deformation and 
analysis 
1.1 Introduction 
1.1.1 Preamble 
Granite is a rock type that is probably unique to the planet Earth in the Solar 
System, forming as a result of the interaction of water with tectonics and magma. 
Granitoid rocks form approximately 20% of the continental basement and occur in all 
tectonic environments, acting as an important method of adding material to the 
continental crust. Sensu lata Granite encompasses a wide range of compositionally diverse 
rocks, which reflect the variable origin and source of the magma, but can be generally 
defined as coarse grained acid igneous rocks. The vast majority of granite rock outcrops in 
zones of ancient orogenesis and can be simplistically subdivided into the following 
categories: i) subduction related, due to melting initiated by a down going subducting slab; 
ii) orogenic continental margins, as a result of mantle melt facilitated crustal anatexis; iii) 
continent-continent orogenic belts, as a result of crustal anatexis (melt) during burial and 
metamorphism; and iv) extension related, as a result of orogenic extension or adiabatic 
decompression. The methods of focusing and transporting this magma from the place of 
formation to its position of emplacement are widely debated (Petford et al 1993, Cruden 
1990), but the influence of large inter-continental shear zones (Sylvester 1988, Hutton & 
Reavy 1992) and lineamental structures in the lower crust (Pitcher & Bussell 1977, 
Jacques & Reavy 1994, Hutton & Alsop 1996) appears to be critical. In summary, granites 
and their associated rocks are formed in large quantities whenever continental crust is 
heated by rising mantle heat, extended and thinned, or thickened by collision (Fyfe 1988). 
1.1.2 Definition of key terms 
Ascent 
The ascent of granite magma is the process by which it travels from a zone of 
magma genesis to the level of emplacement. It has been a subject of great controversy: 
historically between the 'transformists' who maintain that magma is formed in-situ by the 
'granitization' of the crust, and the 'magmatists' who suggest that magma formed 
elsewhere and travelled to the emplacement level. With the growing realisation that 
'granitization' is unlikely to be a crustal scale process for granite formation, the debate 
now focuses on the methods for magmatic ascent. There are two end-member perspectives, 
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that of pluton formation through diapiric ascent, and that of piecemeal sheeting/dyking to 
assemble a pluton. 
The concept of diapiric ascent, stems from observations of sub-spherical granites 
e.g. Criffel pluton, Southern Scotland (Courrioux 1987) and analogies made with other 
sub-spherical bodies such as salt diapirs, in combination with analogue modelling 
(Ramberg 1967, 1970, Schmeling et al 1988, Cruden 1988, 1990). These authors attempt to 
demonstrate that large volumes of material, can move 'en masse' through the crust 
(Figure 1.1a). However dimensionally consistent theoretical models have shown that 
granite diapirs are likely to move very slowly through the crust and experience 'thermal 
death' (Marsh 1982), i.e. freezing, unless they experience particular crustal conditions 
(Weinberg 1995). 
The alternative view is, that granitoid magmas ascend as sheets along dyke-like 
conduits, such as faults or fractures (Leake 1978, Pitcher 1979). Currently there are two 
models for such ascent: that of Clemens & Mawer (1992), who proposed ascent by magma 
fracture; and that of Petford et al (1993) who propose ascent through existing fault-
initiated conduits. In either model thin sheets of magma (Figure, 1.1b) travel rapidly 
through the crust assembling a granitoid pluton in stages at a higher crustal level. 
Magma 
+ body 
+ ascent 
a) Diapiric ascent 
Figure 1.1 Methods of magma ascent 
Emplacement 
++++++ 
+ + + + + 
++++++ 
Magma 
supply 
b) Dyking ascent 
This is the process by which granitoid magma is added to the crust. It is 
independent of the mode of ascent and was first tackled comprehensively by Read (1957) 
and Buddington (1959) who developed the concept of the 'Granite series' (Figure, 1.2). In 
this approach Cordilleran type plutons or batholiths were interpreted to have formed at 
relatively high levels in the crust and named 'magmatic intrusive' or 'epizonal'. At 
intermediate crustal depths 'parautochtonous' or 'mesozonal' plutons formed and, at low 
levels within the crust, plutons with strong anatectic affinities were termed 'autochtonous' 
or 'catazonal'. However, Pitcher & Berger (1972) in their study of the Donegal Batholith 
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observed that each of these plutonic sub-divisions could be observed at approximately the 
same crustal depth. 
Later, following the acceptance of Plate Tectonic theory and its application to 
continental deformation, Pitcher (1978,1979) showed that emplacement style could be 
related to the tectonic regime dominant during emplacement. As a result of this work, 
research has become focused onto a more tectonically based approach to the problem of 
emplacement. Following on from this Hutton (1982) demonstrated that pluton 
emplacement can take place syn-tectonically during regional deformation. The application 
of this hypothesis to other plutons has shown that pluton emplacement can take place syn-
tectonically, using a combination of the following end-member environments; transcurrent 
shear, extensional shear and reverse contractional shear (Hutton 1988, Hutton & Reavy 
1992, Hutton & Ingram 1992, Ingram & Hutton 1994). 
In addition, if a pluton is emplaced into an area which is relatively tectonically 
inactive, or has a strong component of internal magma fluid pressure, the magma has the 
ability to change the local effective stress regime and may; rise diapirically (Courrioux 
1987, England 1990); or expand in-situ as a simple balloon (Holder 1979, Molyneux & 
Hutton in press), adding a local co-axial component to the regional deformation field. The 
form of a pluton being dictated by the interaction of external tectonic and internal body 
forces. 
Genesis 
It is widely accepted that granites must have formed as a result, of extensive 
melting followed by fractionation and other contamination processes of crustal and mantle 
protoliths. The exact processes by which this occurs continue to be widely debated, but a 
useful method of classifying the possible origin of granitic rocks was developed from work 
on the Caledonide, Lachlan Fold Belt of S.E. Australia (Chapell & White 197 4, 1984, White 
& Chappell 1988, Chappell & Stephens 1988), where it was demonstrated that there are 
two contrasting geochemical suites of granites. This concept has been developed 
subsequently in an attempt to classify plutonic rocks from every tectonic environment (see 
Pitcher 1993 for review), and is simplistically summarised below: 
!-type granites 
'Igneous' granites derived from a purely or dominantly igneous source, e.g. 
Cordilleran 1-type granites, which are subduction related and are interpreted to have 
formed by the partial melting of a basaltic to andesitic source, or Caledonian 1-type 
granites which are understood to have formed from the melting of older igneous rocks in 
any environment. 
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S -type granites 
'Sedimentary' granites derived from a predominantly sedimentary source e.g. 
Himalayan leucogranites which are collision related S-type granites formed from the 
partial anatexis of meta-sedimentary gneisses. 
A-type granites 
'Anorogenic' alkali granites of strongly variable composition, they are most 
common in anorogenic cratons, and their genesis appears to require high temperature, 
volatile-rich melting in a continental environment, and could be related to adiabatic melt 
during lithospheric extension. 
The process by which melt forms and segregates is known to be complex. It 
requires a suitable proto lith, a heat source and a method of extraction. The supply of heat 
necessary to start melt could occur as a result of either a) regional metamorphism or b) the 
injection of hot mafic melts (Petford pers comm), both of which can be shown to result in 
temperatures sufficient to produce significant quantities of crustal melt. In addition, the 
injection of water or other volatile phases into metamorphic rocks can induce extensive 
melting. It is generally believed that these processes should be preserved in exhumed 
rocks. Migmatite terrains, long been cited as examples of areas where granite melt has 
'frozen-in' having been formed as result of water-saturated, in-situ partial melting. 
However, recent experimental work has shown that water-saturated melting of an 
amphibolite rock produces an actual volume decrease. This would tend to result in local 
'under-pressuring' of the rock and the retention of the melt (Brown et al1995). Melting of a 
dry-granulite facies assemblages results in volume increase (up to 18%) (Clemens & 
Mawer 1992), with the overpressuring of the regional melt zone enhancing the feasibility 
of melt extraction and migration. 
Extraction of the melt could occur because of the transfer of 'solitary waves' 
through the melt zone (McKenzie 1984) at high melt fractions. A more feasible process is 
the tectonic squeezing (filter pressing) of the partially molten country rock. This has been 
modelled and shown to efficiently extract melt fractions of less than 1% (see Sawyer 1996 
for review). 
Lineaments 
A lineament has been defmed as " ... an alignment of geological and often 
geophysical features which is frequently interpreted as a higher crustal expression of an 
essentially older fault (structure) in the lower lithosphere."- Hutton & Alsop (1996). There 
have been a number of applications of this concept to magma emplacement. Pitcher & 
Bussell (1977) demonstrated lineamental control in the siting of granites along the Coastal 
Batholith of Peru, more recently Jacques & Reavy (1994) and Hutton & Alsop (1996) have 
demonstrated the interaction of upper crustal faults and shear zones with lower crustal 
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lineaments in the focusing of magmatism, over long periods of time, across the Caledonian 
Highland and Donegal granites of the British Isles. 
1.1.3 Objectives 
In this work granitoids from two classic geological provinces have been studied. 
The first of these, the Caledonian age, Ardara pluton from the Donegal Batholith, NW 
Ireland is an upper crustal, sub-circular pluton, emplaced into greenschist facies country 
rocks. The Donegal area, and the Ardara area in particular, has received extensive 
previous study and both the distribution of plutonic phases, the stratigraphic sequence and 
the structural history are particularly well constrained. As a consequence this area was 
chosen to undertake a detailed study of the country rock and magma dynamics (shear 
senses, fabric development, preserved finite strain) which existed during the pluton 
emplacement process. 
Whereas the Rio Paraiba do Sui shear belt in southeast Brazil is less well known, 
nor has it been studied in such detail, but it shows an unequivocal relationship between 
inter-continental strike-slip shear zones formed in the mid-crust during the Brasiliano 
orogeny and comparatively undeformed granitic plutons. By studying a number of plutons 
from this area it has been possible to determine the relationship between the shear zones 
and the plutons, the dynamics of intrusion, and elements of the structural evolution of the 
area pre-, syn- and post-intrusion of the granitoids. 
Then drawing together these diverse study areas it has been possible to remark 
upon the general viability and structural features required for various intrusion 
mechanisms and the possible relationship between orogenic evolution and the 
emplacement of granitoid plutons. 
1.1.4 · Conventions 
A number of conventions have been used in this thesis, these are outlined below: 
Strike/Dip 
Planar strikes and dips are given using a strike between Qo and 360°, dip which is 
90o clockwise of the strike between Qo and 90° and the dip direction e.g. SE, NW. 
Azimuth/Plunge 
The orientation of lines is given using the azimuth (the direction of plunge) 
between Qo and 360° and the plunge between 0° and 90°. 
Planes of outcrop 
Because of the lack of lineation in many of the studied exposures the principn { 
planes of the strain ellipse cannot be easily identified, and have been approximated to: 
The horizontal plane - the horizontal plane orthogonal to the generally sub-vertical 
foliation plane. 
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The vertical plane - the vertical plane orthogonal to both the foliation plane and the 
horizontal plane. 
Foliation plane 
Within the studied plutons the identifiable planar fabric is always referred to as 
the foliation plane. Additionally in strongly weathered or intensely deformed country rock, 
the most prominent planar fabric is referred to as the foliation, irrespective of its dynamic 
context. 
Grid references 
Locality grid references are given to at least three figure and where possible more 
accurately using the local grid square markings which have been reproduced on the larger 
maps. In the case of the Jambeiro pluton a GPS machine was used during mapping and 
positions are given in latitude and longitude. 
Space/volume 
It is common in pluton emplacement studies to refer to the 'space' created for a 
magma body. In most studies authors are non-specific about the way in this term is used, 
for example, does "30% of pluton space was created by in-situ expansion" refer to a linear, 
areal or volumetric space. This distinction is important because a 30% increase in 
spherical volume implies only a 9% increase in radius, or a 20% increase in cross-sectional 
area. The possibilities for misunderstanding are immense. Throughout this work the term 
'space', when describing the emplacement of a granite body is always used in a volumetric 
sense for example, "the pluton created 30% space by in-situ expansion" would be referring 
to an approximate estimate of the pluton volume and the 'space' created in the country 
rocks. 
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1.2 Rheology 
Rheology is the science of deformation and flow, the study of elasticity, viscosity 
and plasticity; and the relationship between stress (Equation 1.1) and strain rate 
(Equation 1.3). 
Equation 1.1, Stress, 
cr= 
Equation 1.2, Strain, 
£= 
Force applied I Area 
Change in length I Original length 
Equation 1.3, Strain rate, 
Strain I Time 
units, Nlm2 
dimensionless 
units, s-1 
The rheology of a magma is controlled by a number of factors: the amount of melt, 
viscosity (both a strong function of temperature and water content), crystal content, the 
degree of interaction of these crystals, pressure, temperature and the nature of any 
volatiles phases i.e. water, halogens and other elements. This interaction often results in 
behaviour which is in detail complex. For simplicity an approximation to an ideal rheology 
is often made, some of these are outlined below. 
1.2.1 Elastic behaviour 
For an ideal elastic material deformation is non-permanent and the applied stress 
is proportional to the strain in accordance with Hooke's Law, the constant of 
proportionality being the Young's modulus, E, the resistance of a material to elastic 
distortion 
Equation 1.4, Stress, 
cr=E.£ 
where E = Young's modulus 
When the stress is released all the strain is recovered, and the material returns to its 
original shape, a mechanical analogue to this is the stretching of a spring. In a real 
material stress cannot be accommodated infmitely by a strain and a point, the Yield Stress 
(Yield Point) cro, is reached, beyond which the material begins to flow and all deformation 
will be accommodated plastically i.e. permanently. The characteristics of this plasticity are 
controlled by the viscous behaviour (Figure 1.2). In addition when the material is in 
tension the material may fail, i.e. fracture, resulting in permanent deformation. Rocks 
generally have a very low Yield Stress and behave very poorly as elastic materials, and 
show an elastic behaviour dependant upon stress vector orientation and strain rate, e.g. at 
high strain rates deforming elastically, but at geological strain rates a degree of the 
deformation may be permanently accommodated by creep (grain scale dislocations) 
(McBirney & Murase 1984) 
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1.2.2 Viscous behaviour 
The viscosity, T}, of a material is a co-efficient which describes the ability of that 
material to have momentum transferred to it, i.e. its resistance to flow, and hence its 
deformation above the Yield Point. 
Equation 1.5, 
't = 'to + 11 ( (iu/(iy )n 
where, 't is the shear stress along the direction x parallel to the shear plane, 
'to is the minimum stress required to induce permanent deformation, ouloy 
is the velocity gradient normal to the shear stress and n is a constant with 
a value of 1 or less. 
For a Newtonian fluid n=l. The strain rate induced is proportional to the stress 
applied and the fluid has no yield strength (Figure 1.2), since the strain response is 
instantaneous and permanent. Many pure fluids e.g. water, exhibit Newtonian behaviour 
and magma has often been modelled as such for convenience (Shaw 1965). However many 
fluids are not Newtonian: indeed magma is probably highly non-Newtonian and will 
exhibit more complex behaviour like for example mud, blood and paste, where the 
relationship between applied stress and induced strain rate is non-linear. 
1.2.3 More complex rheologies 
The cases described above are ideal cases and can be used as simple modelling 
tools, but do not describe the actual behaviour of geological materials, which can be 
modelled using specific equations or by a combination of the ideal rheologies described 
above (s~also Twiss & Moores 1992). 
Bingham - visco-plastic- material 
This material response displays an elastic response until the Yield Stress is 
reached, above which it deforms in a linear viscous manner (Figure 1.2). Pitcher (1987) 
suggested that magmas, particularly when they have high crystal contents, may deform in 
this way. 
Non-linear rheologies 
A number of field observations suggest that geological materials may deform in a 
way which is strongly non-linear, for example when a sheet of magma is emplaced rapidly 
into a hot magma body, the high initial strain rate results in fracture of the magma, 
subsequently local stresses are dissipated and the weaker regional stresses deform both 
magma components viscously i.e. syn-plutonic dykes. This material behaviour is strongly 
non-linear, strain rate and temperature dependent, with the different mechanical 
properties of minerals influencing the behaviour of the material as deformation 
progresses. 
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These fluids can be modelled empirically, for example as a 'power-law rheology', 
where the strain rate has an exponential relationship to the stress applied and the 
temperature of deformation (Equation 1.6). The non-linear material can never have a 
specific viscosity and can display properties such as strain/temperature softening, where 
progressively the stress required to produce a given strain rate reduces in time. 
Equation 1.6, 
Figure 1.2 
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where, O"d is the differential stress, Q the activation energy, T temperature 
in Kelvin, R the gas constant, A constant and n the exponential constant 
(generally between 0 and 10)(Twiss & Moores 1992, Shea & Kronenberg 
1992, Rubin 1993) 
Strain rate ... 
Shear stress us. strain rate for a number of theoretical and ideal rheologies 
1.2.4 Granite rheology 
Silicate melt has been modelled as having a number of possible rheologies, such as: 
a Newtonian fluid, where the viscosity is determined from the melt viscosity and the 
crystal content (Shaw 1965, Arzi 1978); a Bingham material, having a finite Yield Strength 
which is dependent on the melt fraction (Sparks et al 1977 and others); and by 
experimental work. 
The most commonly cited experimental work is that of van der Molen & Paterson 
(1979) who suggest that granitic magma will illustrate a wide range of rheological 
properties during crystallisation (Figure 1.3). At high melt percentage (low crystal 
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contents) the magma will behave as a Newtonian fluid. As the crystal content increases 
the fluid starts to behave as a Bingham material until it passes through the Rheologically 
Critical Melt Percentage (RCMP), where the viscosity increases dramatically. Above this 
point it deforms in a solid-like elastic manner. The melt fraction values for this RCMP 
quoted by Arzi (1978) are 20±10% and van der Molen & Paterson (1979) 30-35%. 
More recent work by Rutter & Neumann (1995) on samples of dynamically 
deformed Westerly Granite has shown that there is not a sharp decrease of effective 
viscosity with increased melt volume, but rather that the strength decreases more or less 
linearly as a function of increasing melt fraction. They conclude that the concept of a rapid 
change in viscosity at the RCMP may be mis-leading. In addition Vigneresse (1997) points 
out the importance of considering both of the possible experimental RCMPs, one that 
occurs during, melting and the second which occurs during freezing. 
Rutter & Neumann (1996)----------
van der Molen & Paterson (1979) ----~ 
Cooling solid 
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Bonded crystal 
framework 
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Figure 1.3 Compilation graph of relative viscosity against melt fraction after Jund (1977), Arzi (1978), 
van der Molen & Paterson (1979), Capais and Barbarin (1986) and Rutter & Neumann (1995) 
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1.3 Tectonic structures related to granite emplacement 
The analysis of the structures present within the wallrock and the granitoid itself 
are the principal ways by which the tectonic enivironment and prevalent stress/strain 
regime pre-, syn-, and post- emplacement can be determined. The rheological models for 
the interpretation of such structures constitute a framework, in which structures can be 
viewed relative to the crystallisation state of the original intrusive magma. Research in 
this area has produced a proliferation of terms and terminology for describing similar 
features (Blumenfeld & Bouchez 1988, Hutton 1988, Paterson et al 1989, Tribe & D'Lemos 
1995) an attempt is made to summarise these below. 
1.3.1 Magmatic state structures 
Magmatic state structures refer to structures formed in the magma when the melt 
fraction is well in excess of the supposed RCMP, where grains can rotate and move with 
respect to each other without experiencing internal lattice deformation. They correspond 
exactly to the PFC 'pre-full crystallisation' structures of Hutton (1988) and the 'magmatic 
state/flow' structures of Paterson et al (1989) and Blumenfeld & Bouchez (1988). In such a 
situation, the early formed crystal phases and magma enclaves will rotate, interact and 
align approximately perpendicular to the local principC.. [stress (Figure 1.4a). 
The absence of internal deformation of quartz and biotite are often used to identify 
magmatic fabrics, however is should be noted that high temperature solid-state 
deformation of quartz, >400°C, (Passchier & Trouw 1996) could result in complete 
recrystallisation and the absence of any overprinting signature. It must also be assumed 
that the majority of deformation in the magmatic state takes place at temperatures below 
the solidus where significant crystal content is present (McCaffrey 1989) and hence the 
fabric represents most of the strain history. 
1.3.2 Transition state/lock-up fabrics 
These fabrics are formed close to the supposed RCMP where crystal content is 
increasing (30-35% melt) and the matrix will become capable of transmitting stress. In 
such a situation deformation could be partitioned into discrete deformation zones, rather 
than homogeneously transmitted through the magma. These zones have been termed 'pre-
full crystallisation (PFC) lock-up shears' by Ingram & Hutton (1992). A PFC lock-up shear 
should preserve an undeformed crystal matrix provided there is no deformational 
overprint. 
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1.3.3 Sub-magmatic fabrics 
Sub-magmatic fabrics (Bouchez et al 1992) occur in magmas where there is melt 
remaining, but insufficient to support magmatic flow. Therefore solid state deformation 
could occur in the phenocrysts e.g. cracked feldspar grains, dynamic recrystallisation but 
the matrix e.g. quartz, biotite would continue to display magmatic state fabrics. 
1.3.4 Solid state fabrics 
These fabrics represent deformation at or below the solidus temperature of the last 
crystallising mineral phases, at melt fractions well below the RCMP, and result in strain 
being taken up inhomogenously within the mineral phases themselves (Figure 1.4). The 
exact nature of this deformation process is controlled by the temperature, pressure, 
volatile (water/halogen) content of the deforming medium. In general quartz and biotite 
deform before feldspar and any mafic crystals. Solid state fabrics can be recognised by the 
comminution of grain size, shape changes of crystals, internal lattice deformation, 
fragment alignment and possible dynamic recrystallisation (polygonal grain fragments, 
core and mantle structures) of mineral phases (Passchier & Trouw 1996, Tribe & D'Lemos 
1996). 
1.3.5 The validity of a Cloosian approach 
Hans Cloos' (Balk 1937) classification of granitic structures for many years formed 
the basic analytical approach for igneous rocks (also Marre 1986). Two types of structure 
occur: i) Primary structures - formed in response to flow in the crystallising magma, which 
align any platy minerals, and imply the operation of magma currents/convecting processes. 
Joints would also be formed at this time in response to further elongation of the magma; ii) 
Secondary structures - considered as 'tectonic' and formed in the solid state analogously to 
metamorphic structures i.e. cross-cutting foliations. 
Berger & Pitcher (1970), Pitcher & Berger (1972) and Hutton (1988) all criticise 
this approach, by stating that it is unlikely that magmas flow in currents, but instead as a 
cohesive viscous magma solid, deforming viscously on the timescale of observation. Hutton 
(1988) proposed that the Cloosian system be abandoned in favour of a less genetic system, 
in which the deformation history, modelled in terms of external tectonically deformed 
strains and internal magma related forces, is related to the changing rheology of the 
magma. This approach is adopted throughout this work. 
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1.4 Shear sense 
The recorded shear sense in a rock is a record of non-coaxial deformation, where 
one mass of rock has moved relative to another and has lead to the development of 
asymmetries in deformation structures. These asymmetries can occur on all scales, but are 
most frequently recognised on the meso- to microscopic scale and are termed 'shear sense 
indicators'. In order to correctly interpret the sense of shear the structures should be 
viewed in a plane which is perpendicular to the foliation with which they are associated 
and parallel to the . >, . r lineation (if developed). A number of shear sense indicators 
have been applied to granitic rocks and a summary of the most commonly cited is supplied 
below. For a more comprehensive summary (of shear sense indicators in all rocks) see 
Hanmer & Passchier (1991). 
1.4.1 Magmatic state 
If a magma contains melt in excess of the supposed RCMP then free rotation of the 
constituent phenocryst phases will take place during non-coaxial deformation and 'shape-
preferred orientation' magmatic state fabrics will be produced (Paterson et al 1989, Hutton 
1988), due to rotation of crystals into parallelism with the principi:IJ flattening plane/shear 
plane. A sense of shear may be deduced from the interaction of individual rotated crystals 
to one another, or the relative obliquity of rotated crystals to one another. Blumenfeld & 
Bouchez (1988) describe a number of possible shear sense indicators for magmatic state 
deformation, two of which have been used in this thesis: 
1. The sense of obliquity of phenocrysts to the shear direction which is produced by 
interference of many phenocrysts as they rotate in a non-coaxial strain field (Figure 
1.5a). 
2. The sense of 'tiling' or imbrication of megacrysts which have rotated into contact with 
each other. The statistical counting of such populations and the determination of the 
dominant tiling orientation will demonstrate the sense of shear (Figure 1.5b) 
........ ... 
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.... . ...... ... 
... ....- ..... ~ 
... .... -· 
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Obliquity of bi-modal fabrics 
........ 
-
..... 
Figure 1.5 Magmatic state shear senses 
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1.4.2 Transition state/lock-up fabrics 
When deformation occurs at lower melt fractions, and viscosity is increasing 
(deformation which could be close to the RCMP of van der Molen & Paterson 1979), 
deformation is partitioned into discrete zones of magmatic state shear 'PFC lock-up shears' 
(Ingram & Hutton 1992). In such a situation the shear sense is determined by the sense of 
obliquity, imbrication or offset sense of the shear with respect to the main fabric. 
1.4.3 Solid state 
If deformation of the granite continues through the RCMP, into the solid state i.e. 
when magma is cooled but deformation continues, or is subsequently overprinted by 
another deformation event, solid state shear sense indicators will be developed, with 
corresponding structures in the surrounding wallrocks. 
One of the first applications of general shear sense to granitic rocks was made by 
Berthe et al (1979). The term S-C mylonite was applied to the description of the shear 
sense in an orthogneiss. S refers to the 'schistosite', the principle XY finite strain plane, 
sub-parallel to the shear zone walls and C refers to the plane of 'cisaillement', the shear 
surfaces which cross-cut the schistosity. The C-plane initiates at 45° or less to the shear 
zone walls with a sense of shear synthetic to the wallrock shear sense (Figure 1.6a). 
Porphyroclasts, or crystals which have a high ductility contrast to the surrounding 
material e.g. feldspar cf. quartz, may rotate during deformation with the same shear sense 
as the surroundings. This rotation can result in preferred patterns of recystallisation or 
pressure shadowing. Passchier & Simpson (1986) classified this system in terms of a 8- or 
a-type porphyroclast rotation (Figure 1.6b, c). 
Grains or crystals which have been broken may also provide good shear sense 
indicators, such as the 'stack of cards model'. In this situation the fractures within the 
grains display a sense of shear and rotation, which is dependent upon the shear sense and 
the initiation angle of the fractures. Figure 1.6d illustrates a case where the sense of slip 
on the deformed grains is antithetic to the overall sense of shear. 
During deformation particular crystallographic deformation mechanisms may be 
.. ·I 
active which, as a result of the ~~~-axial nature of deformation, will be asymmetric with 
respect to the foliation. A measurement of. this asymmetry will reflect the sense of shear. 
Large mica grains deformed as part of an S-C mylonite, will result in mica 'fish' 
(Lister & Snoke 1984), where the shear sense is determined by examination of the internal 
mica deformation by brittle and crystal plastic processes (Figure 1.6e). 
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Figure 1.6 Solid state shear sense indicators 
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1.5 Strain analysis 
Strain analysis requires the determination of the three dimensional change in 
shape of an object during single or multiple deformation events. It is generally visualised 
as the change in sphericity of an initially spherical object of unit volume (the strain 
ellipsoid, Flinn 1962); which in two dimensions is the change from a circle to an ellipse. 
This change in shape can be visualised graphically (Figure 1.7a), or as a change in the 
ratio of the lengths of the 3 mutually perpendicular principle axes of the strain ellipsoid 
(X, Y and Z, where X> Y>Z). 
Applying such analysis to deformed granitoids and their wall rocks should produce, 
or aim to produc7 a three-dimensional representation of the strain ellipsoid at various 
points across the study area. Flinn (1962) (Figure 1.7a, b) described the deformation types 
that could be formed during deformation of the strain ellipse: The X, Y and Z axes 
correspond to the maximum, intermediate and minimum stretching directions 
respectively, and are related by the Equations 1.7 and 1.8. When K<l the ellipsoid is 
oblate and the fabric produced is a flattening strain (8-tectonite). If K=1, there is 
shortening along the Z-axis, a constant Y-axis and reciprocal stretching along the X-axis 
resulting in a plane strain (LS-tectonite). Though when K>1, stretching occurs 
predominantly along the X-axis and shortening along both theY- and Z-axes resulting in 
constrictional strain (L-tectonite) (Figure 1.7). 
Equation 1.7, X/Y = (Y/Z)K 
Equation 1.8, Log10(X!Y) = K . Log10(Y/Z) 
where, X, Y, Z are the relative magnitudes of the strain ellipsoid and the k-
value is a constant of proportionality used to describe the shape of the 
ellipsoid and the type of fabric formed. 
An alternative scale for measuring strain is to determine the relative shortening or 
extension during deformation. This is often used for measuring one or two dimensional 
strain, where the three dimensional deformation environment is less certain (Equation 
1.9, 1.10) and can be related to the strain ellipsoid axial ratio using Equation 1.11. 
Equation 1.9, %shortening= Oo- h ) x 100 
lo 
Equation 1.10, %extension= (h - lo) x 100 
lo 
where, lois the initial length and h is the final length 
Equation 1.11, If the imposed strain is pure flattening strain (Rxz = Rvz) 
Then Rxz = Rvz = 1/(1- (%shortening/100))3t2 
Quantitative estimates of the strain in granitoids are often difficult to make due to 
the paucity of good strain indicators. The methods used in this thesis are detailed below. A 
18 
Introduction 
..................................................................................................................................................... ........................................................................ 
number of estimations of country rock strain have been made, the methods used are 
detailed at the relevant point in the text. 
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1.5.1 Strain markers - microgranitoid enclaves 
This method of strain analysis requires the analysis of mean shapes of populations 
of microgranitoid enclaves (Vemon 1984, 1990), which are commonly referred to as mafic 
xenoliths, mafic enclaves or autoliths in the literature, and generally consist of 
microdiorite, microgranodiorite or microtonalite. Vemon (1984) reviewed much of the 
literature conceming microgranitoid enclaves and concluded that the existence of the 
enclaves is best explained by the mingling and quenching of globules of more mafic magma 
in the host granitoid magma. Some mixing may take place in certain circumstances, but 
mingling is characteristic of the blob-like appearance and microstructure of the enclaves. 
The variation of mean shapes in such a population as an estimate of intemal strain 
variation within a pluton has been well documented (Holder 1979, Hutton 1982, Courrioux 
1987, Hutton 1988, Molyneux & Hutton in press, this work). For the purpose of the strain 
analysis the enclaves are assumed to have: 
1. A negligible viscosity contrast with respect to their host - A correct assumption 
providing that the solidus temperature of the enclave is not greatly in excess of that of 
the host. This statement has been questioned, most recently by Fowler & Paterson 
(1997), who suggested that enclaves are injected, instantly frozen and subsequently 
passive in all deformations. However Vemon (1983) cites microstructural evidence for 
magmatic fabrics of plagioclase within deformed enclaves and Vemon (1990) remarked 
that, though enclaves are quenched on injection, resulting in small crystal sizes, 
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crystallisation and magmatic-high temperature solid state fabrics occur within them. 
Hence, at the very least microgranitoid enclaves provide an underestimate of the 
resultant cumulative strain. 
2. An originally subspherical shape - Population measurements from low strain 
granitoids demonstrate that enclaves are sub-spherical. In addition, Hutton 
(unpublished data) has shown that destraining of populations of enclaves from a 
geographically diverse set of plutons show an initially small axial ratio. Furthermore, 
computer modelling of enclave populations (this work) shows that enclaves can be 
reliable strain markers. 
In order to fulfil these criteria only enclaveswhich are ellipsoidal, orientated within 
the foliation plane, preserve a smooth outer contact and have no internal magmatic 
stratigraphy are used. All other enclaves are identified and subsequently isolated from the 
strain analysis 
Method of strain calculation 
A quantitative estimate of the three princi~../ axial ratios of the finite strain 
ellipsoid can, in principle, be made by measuring the llial ratios (long axis length/short 
axis length, Figure l.Sa) of a statistically significant sample of mafic enclaves collected in 
any two planes of known orientation. In practice, it is simpler to measure the axial X, Y 
and Z lengths of enclaves in the field on exposed princip.P I strain planes where the XY 
plane is the plane of foliation, the XZ plane is the plane perpendicular to this, containing 
the lineation (if developed) or the largest axial ratio and the YZ plane is the remaining 
plane in an orthogonal set (Figure l.Sb). Generally, these correspond to the 3 most 
commonly exposed outcrop planes. 
On each of the exposed surfaces as many enclaves as possible have their axial 
ratios measured (commonly approximately 30 enclaves, from each of the XZ and YZ planes 
with rare measurements from the less commonly exposed XY plane). These data are 
processed to determine using the methods originally setout by Hutton (1982a); i) the true 
mean of the sample, using the geometric mean (Lisle 1977); ii) the K-value (Flinn 1962); 
and iii) the deviation and spread of the sample, in order to show the variation of strain 
estimates (Figure 1.8c). Then the data are plotted on a map of the pluton to estimate the 
spatial distribution of strain. Techniques may then be applied in an attempt to de-strain 
the pluton (see later). 
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Figure 1.8 Mafic enclaves their measurement and processing 
1.5.2 Fabric strain - Fry (1979) method 
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When applied to deformed magmatic rocks the Fry (1979) method of strain 
analysis enables a determination of the strain recorded in the fabric to be made, (Figure 
1.9) through the auto-correlation of inter-crystal spacing of rigid markers (Ramsay & 
Huber 1983, Burg & Wilson 1988). This independent method is easily applied and has 
been used to check that the mafic enclave strain estimates are accurate and reliable. 
An assumption is made that the strain markers (magmatic crystal phases for the 
purpose of granitoid analysis) are initially randomly distributed and do not change their 
shape significantly during deformation. These assumptions could be invalid if: 
1. Ascent strain was preserved in the magma fabric - Field observations suggest 
that a granite magma fabric is formed when crystal concentrations are high i.e. 
approaching the RCMP, and hence would not preserve ascent strain. 
2. Crystallisation occurs during deformation - It is likely that some crystallisation 
particularly of late phases e.g. quartz and K-feldspar, would take place during the 
deformation of a fabric, but it is unlikely that large numbers of entirely new crystals 
would form or that crystal shape would change significantly during the deformation. 
However some loss of accuracy is inevitable. 
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Figure 1.9 
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Method of strain calculation 
In this work the modified grain size normalised Fry (1979) method of Erslev (1988) 
is used, as implemented in the FRYSTRAIN program developed by DePaor, because it 
allows the sample to be normalised to allow for non-circular and variably sized grains. 
Firstly, tracings of a population of individual crystal shapes and distributions are taken 
e.g. feldspar, biotite, from the principle strain planes (generally XZ and yz) (Figure l.lOa). 
These are digitised and approximated to a set of orientated ellipses (Figure 1.10b). This 
distribution is processed by a grain size normalising algorithm to produce the modified Fry 
fabric strain ellipse (Figure 1.10c). The value of this 'Fry strain' is recorded, together with 
its orientation relative to the foliation, and a qualitative estimate of the 
reliability/reproducibility of the ellipse. The process is then repeated for other crystal 
phases from the same locality. 
Using this method produces a number of 'Fry strain' determinations for each 
outcrop. These data are then analysed to ascertain a consistent and average result 
(unreliable or inconsistent data is discarded). The resultant value for a particular locality 
can then be plotted spatially on the map of the pluton to identify any changes in fabric 
strain associated with position in the pluton. 
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Figure 1.10 The method of Fry analysis for non-circular grains. 
1.5.3 Solid state strain indicators 
Digitisation 
Grain size normalized 
Fry strain ellipse 
Solid state strain is very difficult to estimate, because generally it is 
accommodated inhomogeneously by the internal and boundary deformation of individual 
crystal phases e.g. recrystallisation, grain boundary slip. As a result only qualitative 
estimates can be made of the intensity of the strain i.e. intense vs weak and of the 
temperature of deformation using the criteria of Passchier & Trouw (1996). Any strain 
recorded by strain markers, such as mafic enclaves, which have been heavily overprinted 
by solid state deformation, are likely to very significantly underestimate the magnitude of 
the imposed strain. 
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1.6 Magma ascent and pluton emplacement mechanisms 
The emplacement of granite magma and methods for its ascent have been the 
subject of widespread debate through the history of the science. Simplistically, plutons are 
referred to as either 'forceful', where granitic magma deforms the surrounding country 
rocks thus making space for itself, e.g. in the ascent of granite diapirs, England (1988, 
1990) Courrioux (1987); or as 'passive', where space is created for the pluton without 
pushing aside the surrounding wallrocks e.g. stoping, Paterson & Fowler (1996). In detail 
the problem is more complex requiring an appreciation of the processes of ascent, 
emplacement and their interaction with regional tectonics. 
1.6.1 Magma ascent 
Diapirism 
The term diapir was introduced by Mrazec in 1927 (Petford 1996) and comes from 
the Greek verb btmt£tpw "to pierce". It has also been defined as, 'an intrusion which domes 
the overlying cover after piercing lower layers, which may develop a narrow neck at depth' 
Whitten & Brooks (1972). It was first introduced to the study of intrusive igneous rocks by 
Nicolesco (1929) and Wegmann (1930) who made the analogy between circular granitoid 
intrusives and the circular outcrops produced by salt diapirs, visualising the production of 
granite material at depth and subsequent ascent driven by 'tectonic squeezing' (Wegmann 
1930). The criteria for recognising a diapiric body based on its structure have been defined 
by Coward (1981), Bateman (1984) and England (1988, 1990): 
1. Less dense material should occupy circular to oval shaped complexes enclosed by 
denser material. 
2. Structures such as foliation, cleavage and lineations should be developed parallel to the 
surface of the less dense material and should be parallel to any foliation developed 
within the less dense material. The foliation should intensify toward the contact 
between the dense and less dense material 
3. Strain distributions should involve sub-horizontal extension in the crestal region of the 
less dense material. The long axis of the strain ellipsoid should be tangential to the 
crestal region. In the trunk of diapirs (by analogy to salt diapirs) the long axes of the 
strain ellipsoid should be vertical. 
These criteria have been observed in the field, notably by England (1988, 1990) 
and Courrioux (1987), who describe an upper crustal diapir, the North Arran Granite and 
the obliquely intruding diapir, the Criffel pluton. In addition, diapiric ascent has been 
cited as a method of ascent, by analogy to the many elegant analogue and finite element 
models that have been produced for sub-circular plutons (Pitcher 1979, Bateman 1984). 
Some of the first modelling was carried out by Ramberg (1967, 1970) who used rigorously 
scaled experiments to model diapiric ascent, showing initial doming of the source region, 
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through to ascent as a mushroom shaped body with a thin stalk extending down to the 
source region. More recent experiments (Cruden 1988, 1990) and finite element modelling 
(Schmeling et al 1988) demonstrated overturn within the magma itself and the possible 
outcrop features that might be produced by ascent of a diapir i.e. weak crestal flattening 
strains, strong vertical prolate centre strains and centre-margin consistency in zonation 
(Figure 1.11). An important flaw in these models is the absence of thermal constraints. 
Marsh (1982) assessed the effect of these factors during the ascent of a magma bleb in an 
isoviscous material, using a numerical Hot Stokes model (the buoyancy driven ascent of a 
particle through a viscous medium with heat transfer and thermal softening of the 
surrounding country rock, see part 8.4). He demonstrated that the lithosphere is too cold to 
allow ascent of a Hot Stokes diapir to upper crustal levels and that such ascent is only 
viable in the hot and highly ductile lower crust. 
These models assume Newtonian flow in the crust, but it is well known that rocks 
probably do not generally behave in this way. Indeed Weinberg & Podladchikov (1994, 
1995) demonstrated that if the rheology of the crust is considered as non-Newtonian and 
power-law based with the viscosity of the country rock reduces with increased strain, a 
granite diapir could rise from the lower crust to within 15km of the surface. However, 
power-law diapirs are unlikely to reach high crustal levels (<lOkm). It is important to note 
that the results of these models are based on the parameters used in the power-law 
equations (Equation 1.6) and higher crustal levels may be attained if the physical 
parameters required at different crustal levels, could be better constrained. 
In conclusion, there are some convincing analogue and finite element models for 
granite diapirism, but field evidence is often weak, e.g. there are no field examples of 
diapir trails/tails, with their supposedly large constrictional strains, or ascent is 
constrained to a few kilometres of the ascent path (England 1988,1990). Diapirism could 
be a common process associated with magma transport in the lower crust (Marsh 1982). 
These and associated criteria are discussed further in Chapter 2. 
Sheeting/dyking 
An alternative approach to diapiric ascent is to have piecemeal magma ascent as 
sheets (dykes), with agglomeration into plutons at a high crustal level. This model was 
first proposed as a method for granitoid magma ascent by Leake (1978) and Pitcher (1979). 
Subsequently a number of authors cited field evidence to support this mechanism e.g. 
Hutton (1982), Bateman (1985), Ingram & Hutton (1992), this work. 
The work of Clemens & Mawer (1992) and Petford et al (1993) describe this process 
theoretically, though in slightly different tectonic environments (one fracture controlled, 
the second fault controlled). Petford (1996) reviews their most important results, in 
particular the extreme rapidity of dyke magma ascent compared with diapiric rise. 
Clemens & Mawer (1992), suggested 10·2 m/s for dyke ascent velocity compared with 10·10 
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be. 
to 10·7 m/s for diapiric ascent velocity. This allows large plutons to..,filled in short periods of 
time e.g. a 5000 km3 pluton could be filled through a single 5m wide dyke (10km long), 
with a density difference of 300 kg/m3 to the country rocks, in only 6 yrs, if the magma 
viscosity was 104 Pa s, or 6000 yrs if the magma viscosity was 108 Pas. 
There are some problems with this method for ascent, in particular Rubin 
(1993,1995) argues that most magma sheets ascending through dykes, where driven by 
magma pressure in the source (due to volume increase during melting, Clemens & Mawer 
1992), would freeze shortly after ejection from the source region. Petford (1996) argues 
that this is a valid criticism in upper crustal plutons, where fracturing is associated with 
ejection of aplitic and pegmatitic melts, but does not adequately describe deformation in 
the hot, weak, 'mushy' lower crust (Bergantz 1989, Petford 1995). In addition the analysis 
of Petford et al (1993) assumes a smooth walled open conduit to achieve the high ascent 
velocities. Petford (pers comm) accepts this point and has demonstrated that the 
introduction of asperities and anisotropies in the conduit reduces the upward magma 
velocity. 
Sub-vertical lineation 
Intense 
strains 
prolat~ ' 
Flattening strain 
rim synform 
Convective overturn 
After Schemeling et al (1988) 
and Cruden (1990) 
Figure 1.11 Structures associated with diapiric uprise through the crust 
1.6.2 Magma emplacement 
The emplacement mechanism represents the process by which space is made for 
magma after, or as a consequence i.e. diapirs, of its ascent. Paterson & Fowler (1993) 
suggest four processes that could make space in the crust; i) lowering the MOHO; ii) 
displacement of the Earth's surface; ii) volume loss; and iv) elastic contraction; and that 
any other processes taking place are 'material-transfer processes', because they move 
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material within the crust, rather than change the volume of the crust itself. In addition, 
Paterson & Fowler (1993) divide these 'material-transfer processes' into near-field 
processes, in the structural aureole of the pluton and far-field processes, operating outside 
the structural aureole. 
Solving the problem of 'space creation' for a pluton in the field is not simple and 
only by making appropriate assumptions from the two-dimensional outcrop can the best 
solutions be produced. 
Forceful emplacement- in-situ expansion 
If the wallrock surrounding the pluton has been at all deformed as a result of the 
intrusion of the magma itself it can be viewed as a forcefully emplaced pluton. This 
deformation may have occurred as a result of diapiric ascent or through a component of in-
situ expansion. In-situ expansion, or ballooning, assumes that in effect the pluton created 
it own space. A true balloon should show flattening concentrically increasing K=O strains 
everywhere. Ramsay (1975 1989) and Holder (1979) first developed this ballooning model 
to explain the strain patterns observed within and without the Chindamora (Zimbabwe) 
and Ardara (NW Ireland) plutons. Subsequently, this model has been applied to other 
plutons where expansion is only a minor component of the space creation mechanism e.g. 
England (1988, 1992). 
The exact processes at work during in-situ expansion are poorly constrained, but 
can be generally viewed in terms of the ascent of pressurised magma, until a tectonically 
or rheologically favourable level is reached. The magma then expands, deforming the 
wallrocks, in a distributed or local manner depending upon the prevailing tectonics and 
rheology. Indeed it is not necessary that a ballooning pluton be spherical, tectonic 
anisotropies could produce ballooned plutons with almost any shape. 
Forceful emplacement - diapiric ascent 
Ascent of a diapir, causes intense deformation within the pluton and surrounding 
wallrocks. It can be distinguished from an in-situ expanding pluton because it should show 
all of the following criteria (Molyneux & Hutton in press); i) sub-vertical stretching 
lineations in the wallrocks; ii) pluton-up kinematics everywhere; iii) phases which are 
petrographically identical between the core and the margins, due to circulation; iv) vertical 
prolate strains in the centre of the pluton; and v) a crestal zone of weak flattening strains. 
In addition the ascent of multiple (nested) diapirs is often cited as a viable method 
for pluton emplacement (Marsh 1982, Paterson & Vernon 1995), these should show all of 
the following features; i) a complex strain pattern within each plutonic phase; ii) zones of 
intense deformation and sub-vertical stretching lineations at the inner and outer edge of 
each magma phase; and iii) multiple event pluton-up kinematics everywhere. 
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Magma emplacement can also occur passively with little or no interaction with the 
surrounding wallrocks. 
Passive emplacement - external space creation 
If a pluton preserves no internal emplacement fabric i.e. magmatic foliation and 
the wallrocks appear to have been entirely passive and undeformed during emplacement, 
then other processes external to the granite itself must have been responsible for space 
creation. However empty 'space' cannot exist within the crust, the rate of space creation 
must be less than or equal to the rate of magma supply (Paterson & Fowler 1993) and 
hence the intruded magma must act as a tectonic filler exploiting tectonic low stress zones. 
There are a number of ways in which such space might be created: 
1. Lifting the roof I dropping the floor- Using a reflection seismic profile Evans et al 
(1993) demonstrate that a large pluton, unfoliated in outcrop, from the English Lake 
District batholith is in fact composed of a large number of thin laccolith-like sheets, 
which have been emplaced by multiple episodes of minor roof uplift or floor subsidence. 
Similarly Roman-Berdiel et al (in press) have shown by analogue modelling that large 
laccolithic plutons can be emplaced passively in upper crustal settings by lifting the roof 
off the pluton. 
2. Tectonic opening - If a pluton is emplaced into a regionally extensional setting stress 
heterogeneity within this zone, will result in zones of lower stress. Magma from depth 
will be preferentially injected into these zones, due to the principle of effective stress 
(Hutton 1997a, b). 
3. Stoping I incorporation of material - When hot magma comes into contact with cold 
wallrocks, expansion can result in local deviatoric brittle fracture stresses and the 
stoping of blocks away from the wallrocks (Marsh 1982). This provides a possible 
method of magma ascent and emplacement, through continued stoping of blocks from 
the roof which fall through the magma, and a method of space creation, through roof 
stoping and incorporation or settling of the blocks. Here lies a major problem with this 
method, Marsh (1982) examined the thermal effects of block stoping and incorporation 
and observed that; i) magma would soon choke on the volume of unsorted and poorly 
packed stoped blocks required for significant ascent or emplacement; and ii) large scale 
anatexis and incorporation of cold country rocks would quickly result in freezing and 
thermal death of the pluton. Despite this a number of authors document this process as 
a significant 'material transfer process' e.g. Vernon & Paterson (1993), Paterson & 
Vernon (1995), Paterson et al (1996). It is perhaps more feasible that stoping is a minor 
process associated with local space creation. 
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Passive versus forceful emplacement 
In reality these two processes of emplacement, where pluton 'space' is either 
created entirely passively, by tectonics or other methods, or forcefully, by magma 
promoting deformation, describe end-members within a continuum. Indeed it is more than 
likely that plutons with a combination of passive and forceful features will be observed. A 
comprehensive field study of a granitoid pluton should be able to distinguish the relative 
importance of the two processes. 
1.6.3 Tectonic setting 
The importance of local tectonics in the emplacement of granite plutons was first 
recognised by Pitcher & Read (1970) and Pitcher & Berger (1972). From their examination 
of the Donegal batholith they demonstrated the broadly coeval nature of deformation in 
the country rocks and the emplacement of the plutons. Only the detailed structural 
investigations of Hutton (1977,1982b) in the same area enabled the determination that 
emplacement and deformation were more or less synchronous. More recently numerous 
studies have demonstrated the relationship of plutons to local tectonics (faults and shear 
zones) e.g. Hutton 1988, Hutton et al 1990, McCaffrey 1989 and others. A syn-tectonic 
pluton which may be recognised by the occurrence of some or all of the following criteria 
defined by Ingram (1992) and Ingram & Hutton (1994): 
1. An elongate shape whose long axis coincides with the local zones of deformation, faults 
and shear zones. 
2. Magmatic and solid state fabrics which are sub-parallel and continuous with those in 
the shear zones. 
3. Magmatic fabrics that are interpreted to be synchronous and consistent with fabrics in 
the wallrocks 
4. The syn-kinematic growth of metamorphic minerals in the wall rocks. 
5. The presence of structures related to deformation close to the RCMP. 
6. Small scale structures developed at similar times to emplacement e.g. melt-filled 
shears. 
Specific structures may also be preserved in each of the three end-member tectonic 
environments in which plutons can be emplaced: 
Reverse contractional shear 
In a convergent setting no 'space' is being created for the magma and hence the 
magma must reduce the total (tectonic) stress sufficiently to facilitate emplacement 
(Equation 1.12, Hutton 1997a, b). 
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Equation 1.8, cr' = cr - u 
where cr' is the effective principal stress, cr the total princiP.o/ stress and u, the fluid 
pressure. 
The pluton should preserve some or all of the following features (modified from Ingram & 
Hutton 1994): 
1. A large number of individual granite sheets, which may or may not be compositionally 
heterogeneous. 
2. Magmatic state and solid state fabrics, with identical shear sense and lineation 
orientation across the pluton and in the wall rocks. 
3. Continuous gradation between magmatic and solid state fabrics. 
4. K==1 recorded strains, as a result of the tectonically based nature of the strain. 
Extensional shear 
In an extensional environment granite magma is emplaced at a similar rate to the 
rate of 'space' creation and should result in plutons with some or all of the following 
features: 
1. Homogeneity in outcrop, and a gradational or cryptic variation in composition across 
the pluton. 
2. Weak magmatic foliation which may be sub-parallel to the regional structural grain, 
and cross-cut by later overprinting solid-state deformations. The importance of internal 
"cavity filling" mechanisms may create local variations in emplacement style and hence 
shear sense indicators and lineations need not have a similar sense or orientation. 
3. Generally low magnitude emplacement related strains. 
Transcurrent shear 
Within this environment the magma must emplace itself along a zone which is 
deforming during non-coaxial strike-slip shear. With local deflection of such a zone pull 
aparts (local extension) and positive flower structures (local convergence) will form, thus 
resulting in plutons displaying both extensional shear fabrics and contractional shear 
fabrics. The contemporaneity of such plutons distinguishes them from other tectonic 
environments. 
1.6.4 Siting mechanisms 
The processes associated with the siting of granitic plutons are poorly constrained, 
though it is widely accepted that siting is probably controlled by processes at work in the 
lower crust. Pitcher (1979) suggested that the siting of plutons along the Andean batholith 
was controlled by deep crustal lineaments which may not have an expression in the 
overlying cover. Additionally, Hutton and Reavy (1992) showed that deep crustal shear 
zones, deforming the lower crust in a ductile manner, could provide a method for focusing 
magma. More recent work by Jacques & Reavy (1994) on the Scottish Caledonides 
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suggests that pluton siting is controlled by transcurrent shear zones intersecting with deep 
crustal lineamental structures in the lower crust to produce 'mega augen' which rotate 
during deformation focusing magma into the interstices. A similar model has been 
suggested by Hutton & Alsop ( 1996) for the siting of magmatism in the Donegal 
Caledonide batholith. Unfortunately this model though elegant, at present lacks field 
evidence of such structures from lower crustal terrains. Indeed, Scmidt et al (1995) suggest 
that the geometrical relationship of plutons with shear zones and lineaments IS a 
statistical artefact and pluton siting and ascent are controlled by other processes . 
............................................................................................................................................................................................................................. 
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1. 7 Orogenic evolution 
Defined simply (Press & Siever 1986), orogeny is mountain building by folding and 
thrusting processes during plate collision. Granite have long been known to be associated 
with such zones, but what is still poorly understood is the structural role that granites play 
in the evolution of the orogenic process e.g. why they are emplaced, often in batches, 
consanguineous with particular tectonic events. The section below illustrates some of the 
more general issues related to this topic that will be investigated in greater detail later in 
this work. 
1.7.1 The Wilson cycle 
With the advent of plate tectonic theory and its general application to oceanic and 
continental deformation, a cycle (The Wilson cycle) was observed in ancient mountain belts 
from; i) The rifting of a continent; ii) The opening of an ocean basin by sea-floor spreading; 
iii) its closing; iv) a continent-continent collision; and v) the formation on an intra-
continental mountain belt (see Wilson 1970 for a review). Indeed the whole geological 
history of the Earth can be viewed as a succession of superimposed Wilson cycles. 
Granitoid magma has been described as emplacing at every point within this cycle. 
1. 7.2 Transpression and transtension 
Harland (1971) defined transpression as the oblique collision of continental plates 
and transtension as oblique extension, from observations of Caledonide collision in 
Spitzbergen. Transpression was later defined more rigorously (Sanderson & Marchini 
1984) as being characterised by a combination of a pure shear and strike-slip deformation 
coincident, or partitioned (temporally and/or spatially), during oblique convergence (Figure 
1.12). Subsequent application of these models to zones of orogenesis has shown that 
orogenic collision rarely occurs along zones at right angles to the convergence vector and 
transpressional deformation is common. Transtension is the extensional equivalent of 
transpression and occurs in zones where local or regional oblique extension is taking place. 
1.7.3 Extensional collapse 
During plate convergence orogenic zones of increased topography are formed due 
to the rapid rate at which orogenesis occurs, this increased topography is in stress 
equilibrium as a result of convergence, but only partially compensated isostatically. If this 
convergence stops or the convergence vector changes in orientation, the orogenic zone 
enters disequilibrium and will regain equilibrium as rapidly as possible (Dewey 1988). As 
a result the principal stress is re-orientated; in the case of excess topography it will be 
vertical with the least principal stress orientated horizontally perpendicular to the grain of 
the orogenic zone (Figure 1.13). Extension then takes place until the topography is in 
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equilibrium with its isostatic root or equilibrium is achieved with the regional applied 
stresses, 'extensional collapse'. 
Strike slip 
Figure 1.12 Transpressional deformation after Sanderson & Marchini (1984) 
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During orogensis, topography is created 
sub-perpendicular to the principle compressive stress. 
I \ \ 
But if the collision process 1s disturbed 
the princi~· stresses can re-orientate, 
I \ 
cr, 
Crustal thickening could continue, 
with a different orientation 
Or extension could take place along, 
to perpendicular to the orogenic axis 
Figure 1.13 Extensional collapse, princi~l stress re-orientation associated with orogenic convergence 
34 
I 
Introduction 
····························································································································································································································· 
1.8 Regional Introductions 
This thesis describes pluton emplacement from two geographically diverse areas, 
whose last deformation event occurred during the Caledonian orogeny in Laurentia and 
Brasiliano-Pan African orogenies in Gondwana. 
1.8.1 The Donegal Batholith, NW Ireland 
The Donegal batholith is in the north-western corner of the island of Ireland. 
Geologically it is part of the northeast-southwest trending Caledonian orogeny, which 
affected eastern North America, the British Isles and Scandinavia during Cambrian to 
Devonian times. In Donegal the rocks can be divided into two types: 
Meta-sedimentary rocks 
This sequence is part of the Neoproterozoic Dalradian sequence, which can be 
correlated across the whole of Donegal and the Southern Highlands of Scotland. It is 
related to continental shelf sedimentation, associated with approximately coeval tholeititic 
magmatism along a continental margin, subsequently deformed during polyphase 
metamorphism and tectonics to regional greenschist, locally amphibolite, facies along 
northeast-southwest to east-west trending regional structures (see Pitcher & Berger 1972 
and Hutton & Alsop 1996, for references). 
Magmatic rocks 
In the latter stages of the orogenic episode large volumes of primarily granitic 
magma, but also of basic (appinitic) magma were emplaced by a variety of mechanisms, 
spatially associated with the regional structures (see Pitcher & Berger 1972, and Price 
1997 for references). The Ardara pluton is one of the earliest plutons of this batholith and 
the subject of investigation in this work. 
1.8.2 The Rio Paraiba do Sui shear belt, SE Brazil 
The Rio Paraiba do Sul shear belt is in the southeast of Brazil between the cities of 
Campinas, Rio de Janeiro and Sao Paulo. Geologically it is part of the Ribeira belt, the 
Brazilian expression of the Brasiliano-Pan Mrican orogeny (Late Proterozoic to Early 
Ordovician), which deformed western and southern Africa and South America during the 
formation of Gondwana. It consists of: 
Metamorphic rocks 
These are pre-Brasiliano (Archaen-Early Proterozoic) sedimentary and volcano-
plutonic sequences which have been metamorphosed to greenschist to granulite grade and 
undergone intense polyphase deformation during thrusting and strike-slip associated with 
transpressional east-west directed collision along a northeast-southwest trending 
structural grain (see Ebert et al 1996 for references). 
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Magmatic rocks 
Plutonic rocks emplaced during this and earlier orogenies are exposed throughout 
the area. Of particular interest are large volumes of granite emplaced, towards the end of 
the Brasiliano event and spatially related to high angle strike-slip shear zones. These 
plutons that are the subject of this work. 
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Emplacement of an in-situ expanding pluton. 
" .... for perfect demonstrations in every aspect of structural 
and plutonic geology this small area (of Donegal) is without 
equal."- Iyengar et al (1954) 
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Chapter 2 
The Ardara pluton, Co Donegal, NW Ireland. 
2.1 Introduction 
2.1.1 Preamble 
This small pluton, part of the Caledonian Donegal Batholith of NW Ireland (Figure 
2.1, 2.8), has been the object of a large number of investigations which have attempted to 
elucidate the mechanisms at work during its ascent and emplacement. As a consequence 
the Ardara pluton and its aureole have attained a great importance in granitoid pluton 
studies. The pluton itself (Table 2.1) is approximately 55km2 in area, sub-circular, 8km in 
diameter, with a strikingly concordant thermal aureole and a prominent 'tail' on the east 
side (Map 1, Figure 2.1, 2.4) (Akaad 1956a, b, Iyengar et al 1954 Meneilly 1981, 1982). It is 
a normally zoned 3-phase pluton (Akaad, 1956a), which has been dated at 390-405Ma using 
Rb-Sr whole rock methods (Halliday 1980) and at 451Ma using U-Pb zircon techniques 
(Vernon & Paterson 1993). It is worthy of note that if this second date is correct it would 
make the Ardara pluton uniquely ancient among British and Irish Caledonian plutons. The 
pluton has been characterised isotopically by Dempsey et al (1990) who showed the Ardara 
granite has high ENd ratios and low initial B7Sr/B6Sr. These data are consistent with magma 
derivation from either a mantle or very young crustal source. Although Halliday (1980) 
pointed out the presence of inherited zircons in the Ardara granite suggesting a small 
degree of crustal contamination. 
During this work the pluton has been re-mapped and analysed using strain 
markers, shear sense indicators and simple modelling, with the aim of presenting a 
comprehensive study and shedding new light on the emplacement process and likely ascent 
mechanisms. 
2.1.2 The Caledonian orogeny and its imprint in Donegal 
The Ardara pluton is emplaced into Neoproterozoic rocks of the Dalradian (Geike 
1888, Pitcher & Berger 1972) supergroup, which were deformed and metamorphosed during 
the early Palaeozoic Caledonian orogeny. The Caledonian orogeny is a linear belt which can 
be traced from Svalbard, down through Scandinavia, the northern British Isles and across 
to the east of the North American continent. It is thought to have originated through the 
closure of the Iapetus ocean (Dewey 1969) during mid-Ordovician to early-Devonian times 
(Soper et al 1992) resulting in the collision of the Gondwanan, Laurentian and Baltica 
plates. Donegal is understood to have been at the southern margin of the largest of the 
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colliding landmasses Laurentia (which comprised North America, North Britain and 
Greenland). 
The Caledonian rocks of Donegal (Figure 2.1) are delimited by 2 major structures, 
the Great Glen fault, offshore to the north, and the Fair Head - Clew Bay Line - 'Highland 
Boundary fault' (Hutton 1987), to the south. The terrane consists of polyphase deformed 
Dalradian sediments which are metamorphosed to regional mid-upper greenschist facies 
(Hutton 1982a, Meneilly 1982) and have a northeast-southwest strike, which swings around 
what may be an approximately north-south orientated lineamental structure (Hutton & 
Alsop 1996) situated underneath the Ardara pluton, to become east-west trending towards 
the western coast. Into these rocks (post-dating most of the regional deformation) a series of 
magmatic intrusive rocks (granite plutons and mafic sills and dykes), spatially related to 
the major regional structures were emplaced to form the Donegal batholith (Pitcher & 
Berger 1972). 
Table 2.1 The Ardara pluton 
ARDARA Data References 
Size 8 km diameter Akaad (1956a) 
-55km2 area 
Metamorphic Regionally Upper Greenschist to low amphibolite facies. Pluton Akaad (1956a, b) 
environment thermal aureole, andalusite to sillimanite grade pelitic Holder (1979) 
metamorphism. Meneilly (1982) 
Kerrick (1987) 
Composition G1, G2 & G3, Quartz diorite- granodiorite Akaad (1956a) 
Holder (1979) 
Age Rb-Sr whole rock, 390-405 Ma Halliday (1980) 
U-Pb zircon, 451 Ma Vernon & Paterson (1993) 
Isotopic characteristics Ardara, G2. (87SrfSGSr); = 0.7062, ENd= -1.2 Dempsey et al (1990) 
2.1.3 The Dalradian country rock 
The country rocks surrounding the Ardara pluton are part of the Dalradian 
supergroup of meta-sediments, which extends from Donegal through the southern 
Highlands of Scotland. They were deposited during the Neoproterozoic as shelf sediments, 
along a subsiding and evolving Laurentian continental margin, during the opening of the 
Iapetus ocean (Soper et al 1992, Soper & England 1995 and references therein). The 
Donegal sequence is divided into three groups which are broadly similar to the divisions of 
the Scottish Dalradian (Figure 2.1, 2.2); The Appin Group (Creeslough Succession), into 
which the Ardara pluton is emplaced; overlain by The Argyll Group (Kilmacrenan 
Succession); which is in turn is overlain by The Highland Group (Lough Foyle Succession) 
(Pitcher & Berger 1972). 
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Figure 2.1 A geological map of NW Ireland, from Hutton & Alsop (1996) 
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Figure 2.2 The main sedimentary units of NW Ireland from Pitcher & Berger (1972) 
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2.1.4 The country rocks surrounding the Ardara pluton 
The following summary of the stratigraphy around the Ardara pluton (the Maas-
Rosbeg sequence) draws heavily on the more detailed account in Pitcher & Berger (1972): A 
stratigraphic column for the sequence is shown in Figure 2.3. The base of the Maas-Rosbeg 
sequence is defined by rare outcrops of the Ards Quartzite (Cor quartzite). Above this 
quartzite there is a stratigraphically diverse unit, the Sessiagh-Clonmass formation 
(Mulnamin Siliceous and Mulnamin Calc Silicate units) consisting of calcareous lower units 
grading upwards into a thick sequence of deformed interbedded limestones, marls and 
shales. Further up sequence the Lower Falcarragh pelites (Maas Semi-Pelites) describe a 
thick homogenous purplish coloured semipelitic unit with rare calcareous horizons. This 
unit forms the majority of the wallrock of the Ardara pluton. 
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Figure 2.3 The Appin Group (Creeslough succession) after Pitcher & Berger (1972), from the work of 
Akaad, Mithal, Iyengar and Cheesman 
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At the top of the Falcarragh pelites there is a sharp boundary, above which 
Falcarragh limestone (Portnoo limestone) is encountered. This is a massive grey deformed 
and metamorphosed marble, showing gradation into the overlying Upper Falcarragh Pelites 
(Cleengort, Clooney and Rosbeg pelites). These rocks are dark-grey massive pelites which 
pass upwards into limestones and semi-pelites with great variation in composition and 
thickness along strike. At the very top of the sequence are the rocks of the Loughros 
formation which, in the study area, are composed of semipelites and subordinate impure 
quartzites. 
In subsequent descriptions the local names, as given in brackets above, will be used for 
consistency with earlier work of Akaad, Pitcher, Berger, Meneilly, Vernon, Paterson and 
others. 
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The distribution of sedimentary rocks around the Ardara pluton, from Akaad (1956a) 
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2.1.5 Structural evolution 
Donegal has undergone a polyphase metamorphic history, with up to nine phases of 
deformation being recognised regionally (Pitcher & Berger 1972, Hutton 1977, 1982a, 1987, 
Hutton & Alsop 1995, Meneilly 1982, Price 1997 and others). Meneilly (1982) established 
the structural chronology in and around the Ardara pluton. In the following descriptions his 
nomenclature is used with necessary reference to the regional work of Hutton (1977,1982a). 
The structural evolution was first described by Pitcher & Berger (1972), through 
compilation of the work of a number of earlier workers (Cheesman 1952, Gindy 1953, 
Mithal 1952, Akaad 1956a, b, Iyengar et al 1954). Later work by Meneilly (1981, 1982) 
comprehensively re-mapped the structures around the northern and western edges of the 
pluton to elucidate the following sequence (Table 2.1): 
D1- The 'bedding schistosity' of Pitcher & Berger (1972). In the Ardara area it exists as 
a weak cleavage forming parallel to bedding (Meneilly 1981, 1982). Although Hutton & 
Alsop (1996) record the cross-cutting of bedding by 81 in the Rosbeg area. 
D2 - Regionally this represents widespread long wavelength folding, F2, the development 
of tectonic slides and the metamorphic peak (Hutton 1982b, 1987). In the study area 82 
generally dips southwards, moderately in the north but steeply in the south, with 
associated F2 north verging folds. This local change in orientation is reflected in 82 
becoming progressively sub-parallel to bedding on travelling northwards (Meneilly 1982) 
from the southern contact of the pluton (Figure 2.5). 
Da - Produces a variable relationship with D2 across the area; in the south it dips 
~/o"'l'j · · southwards crenulating and folding the high angle 82 and in the northern part of 
the area 82 and 83 are more or less coincident resulting in a composite 8213 fabric (Figure 
2.5) Meneilly (1982). 
Soulh North 
S2.J:J//8edding 
lkm 
Figure 2.5 Schematic of 82 and 83 relationships across study area, from Meneilly (1982) 
D4 - A regional crenulation cleavage 84 of variable strength, which intensifies on 
approaching the Ardara pluton margin, to become concordant and pervasive at 500m from 
the granite contact. Associated with this pervasive cleavage are minor steeply plunging F 4 
folds (which verge west-northwestwards on the northeast side of the pluton). Additionally 
there are km-scale F4 folds e.g. the Mulnamin anticline and Maas syncline, which become 
intensified as the contact is approached. Further away from the pluton, to the north of 
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Gweebarra Bay, 84 cleavages and F4 folds are minor weak structures with a north-south 
orientation (Meneilly 1982) (Figure 2.10) 
D5 - In the study area Ds is developed as a steep crenulating cleavage with a very 
constant west-northwest to east-southeast trend. It formed post-Ardara emplacement and 
resulted in extensive deformation in the 'tail' of the pluton. Meneilly (1982) related this 
event to regional or local sinistral shearing associated with the emplacement of the Main 
Donegal Granite. 
Ds-9- Hutton (1977, 1982b, 1987) and Price (1997) have observed a number of subsequent 
events through their work in northern Donegal and the Main Donegal Granite. None of 
these structures have been conclusively identified in the vicinity of the Ardara pluton. 
Table 2.2 Deformation chronology of the area adjoining the Ardara pluton. 
Deformation Characteristics Comments References 
event 
D1 F1 folds? Lower greenschist facies Pitcher & Berger (1972) 
81 sub parallel to bedding metamorphism Hutton (1977) 
D2 Major folding, F2, northwest facing Peak regional metamorphism, syn- Hutton (1977, 1987) 
with gently inclined southeast late D2, biotite-garnet grade, mid- Meneilly (1982) 
dipping axial planes and tectonic upper greenschist facies. Hutton & Alsop (1995) 
slides 
D3 Northwest facing F3 and 83 facing Obviously crenulating in outcrop Meneilly (1982) 
and dipping moderately to the and thin section Hutton (1977, 1987) 
southeast. 
D4 North-south orientated folding Syn-tectonic with the intrusion of Pitcher & Berger (1972) 
with upright attitude and westerly Ardara pluton Meneilly (1982) 
vergence. Around the Ardara 
pluton it is east-west orientated to 
concordant with the pluton contact. 
Ds Easterly verging, upright, weak Maybe syn-tectonic to the intrusion Pitcher & Berger (1972) 
intensity of Main Donegal Granite Meneilly (1982) 
Hutton (1977 1982b) 
Ds Pervasive shear zones Maybe syn- to post-tectonic to the Hutton (1977, 1982b) 
intrusion of the Main Donegal 
Granite 
also see Pnce (1997) for an m-depth review 
2.1.6 The granites of the Donegal batholith 
The Donegal Batholith (Figure 2.6) consists of eight members emplaced between 
approximately 440Ma and 385Ma (Silurian-Devonian) with a mean age of around 400Ma 
(Halliday 1980, O'Connor et al 1982, 1984, 1987). Since the first geological map (Griffith 
1839) showed the presence of metamorphosed sediments between V-shaped areas of granite 
(Pitcher & Berger 1972) the batholith has been a test-bed for many studies on the processes 
of granite emplacement and orogenic evolution, e.g. throughout the 1800's the batholith was 
used to debate whether granites, in general, had a metamorphic or plutonic origin (see 
McErlean 1993 for references). 
Hull et al (1891) detailed observations which conclusively demonstrated the multi-
stage magmatic-plutonic nature, of the batholith. The subsequent work by Cole (1902, 1905, 
1906) made several additional observations, including suggesting emplacement for the 
Ardara pluton as, " .. an igneous boss behaving as a laccolite on its margins". Only with the 
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establishment of H.H. Read's Imperial College Group during the 1950's and 1960's did the 
true nature of the batholith become clear as a result of extensive detailed small scale 
mapping studies of granites and country rocks across Donegal. Their main results are 
summarised in the seminal work on granite emplacement, 'The Geology of Donegal: A Study 
of Granite Emplacement and Unroofing', by Pitcher & Berger (1972). In this book the 
authors summarised the granites, their country rocks, the regional stratigraphy, dominant 
regional structure, the state of current knowledge about the emplacement mechanisms of 
the plutons and their chronology (Figure 2. 7). 
More recently work has focused on detailed studies of individual plutons; with 
Hutton (1982b) working on the Main Donegal Granite; McErlean (1993) on the Thorr 
pluton; Price (1997) demonstrating the piecemeal assembly of the Main Donegal Granite. 
Others (Holder 1979, Hutton 1982, Vernon & Paterson 1993, Molyneux & Hutton (in press), 
this work) have attempted to explain the mechanisms at work in producing the remarkable 
structural concordance of country rocks and granite fabric observed in and around the 
Ardara pluton. 
Figure 2.6 The Donegal Batholith after Pitcher & Berger (1972) and others 
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Figure2.7 
Chronology of the Donegal Batholith 
OLDEST 
Thorr 
Fanad 
Toories 
Ardara 
Rosses 
YOUNGEST 
Main Donegal 
Granite 
Barnesmore 
Chronology of the Donegal batholith from field relationships, after Pitcher & Berger (1972) 
2.1.7 The Ardara pluton: previous work 
The first mapping of the Ardara granite was carried out during the Survey mapping 
of Hull et al (1891), but the pluton was not examined in detail until the work of Cole (1902). 
He remarked upon the striking structural conformity between the foliation in the country 
rocks adjacent to the granite and the gneissic foliation within the pluton itself. He 
suggested forceful emplacement of the pluton through laccolithic up-doming of the 
surrounding schists. 
The first comprehensive study of the pluton by Akaad (1956a, b) elucidated the 
following features: 
1. The concentric internal foliation structure which is sub-parallel to the country rock 
foliation at the contact and diminishes in strength towards the pluton centre. 
2. The petrography of a 3-phase normally zoned (increasing quartz content towards the 
centre) pluton; classifying, G 1, a quartz diorite, G2, granodiorite and G3, the central 
granodiorite. These have relatively sharp contacts with each other, and contain a large 
number of microgranitoid enclaves. 
3. The thermal metamorphic aureole which has an inner narrow sillimanite zone lOOm 
wide followed by an outer andalusite zone, up to 500m wide, within strongly deformed 
greenschist facies, pelites and limestones. 
4. The deflection of the regional foliation and bedding traces northwards around the 
pluton. 
5. Later deformation along the southern contact, associated with an overprinting 
movement along a 'thrust plane'. 
Iyengar et al (1954), working in the Meenalargan area, described the complexities 
resulting from the intrusion of the Ardara pluton and subsequent overprinting by the Main 
Donegal Granite. They ascribed the intensification of previously formed structures to be the 
result of, " ... shouldering and pushing aside of the country rocks by a hot plastic body.". The 
work of Cheesman (1951) on the Loughros peninsula described the inflection ofthe regional 
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country rock and intrusion related thermal metamorphism. This work, together with that of 
Gindy (1951, 1953) and Mithal (1952), was integrated by Pitcher & Berger (1972) to suggest 
that the Ardara pluton was emplaced by two stage diapiric uprise which deformed the 
country rocks around the periphery of the pluton. 
A number of additional related regional studies were carried out around this time. 
Hall (1966), in a simple geochemical study demonstrated what appears to be a simple 
fractionation trend between G 1 and G3. King (1966) in an early application of the 
measurement of the Magnetic Anisotropy CAMS), demonstrated the possible existence of 
steep magmatic lineations in the centre of the pluton, except where modified to gentle 
inclinations around the southern contact. Young (1966) and Riddihough & Young (1969), as 
part of a regional gravity study of Donegal, showed that the Ardara pluton corresponded to 
a circular area with a pronounced Bouguer gravity anomaly (Figure 2.9), indicating the 
presence of a possibly hemispherical zone of lower density (granitic) material at depth 
(Young 1966). 
Figure 2.9 Bouguer gravity anomaly map of Donegal from Riddihough & Young (1969) 
Research work on the pluton then fell quiet for a number of years until the work of 
Holder (1979), which may be one of the most significant studies in the investigation of 
granitic plutons. By measuring the axial ratios of populations of country rock xenoliths 
incorporated into the pluton magma, and assuming that these xenoliths had been deformed 
when the viscosity contrast, between xenolith and magma was small, he showed: 
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1. Flattening strains - xenoliths show a K-0 flattening strain everywhere (Flinn 1962). 
Which when taken with the steep concentric fabric, circular granite outline and the 
presumption that the exposures lie in a non-unique plane, this implies a spherical body 
which has expanded laterally as a spherical balloon. 
2. Strain gradients -variations in finite strain intensity, greater axial ratios in the outer 
units and fmite strain discontinuities are consistent with expansion during the 
emplacement process. 
3. Andalusite growth - The growth of andalusites within the aureole, show 2/3 phases, 
which is correlated with the sequential intrusion of the granite phases. 
Hence, Holder postulated that the xenoliths began to be deformed as an inwardly migrating 
'freezing surface' migrated past them, and modelled this situation to show that some 60% of 
the volume of the pluton could be accommodated by an in-situ ballooning (expansion) 
process. 
Meneilly (1981, 1982) carefully mapped the structures present around the Ardara 
pluton in the Gweebarra to Dawros-Rosbeg region. The earlier regional deformations were 
described in part 2.1.5 above. The specific structures related to granite emplacement (D4) 
are below: 
1. Outer zone - D4 structures are sporadic in occurrence, forming first 7km from the 
pluton as minor 84 cleavages and F 4 folds with a north-northeast south-southwest 
through to northeast-southwest orientation (Figure 2.10), with occasional zones of 
remarkably increased intensity. From 750m-2.5km from the pluton contact 84 cleavages 
are common. To the north of the pluton in the vicinity of the Trawenagh Bay Granite the 
structures have a north-south orientation. 
2. Major folds- The Mulnamin anticline and Maas syncline, form km-scale F4 folds which 
become intensified on approaching the northern pluton contact. 
3. Inner zone - About 500m from the pluton contact there is a zone of ubiquitous F4 
folding, until 100-250m from the contact where the bedding and 84 become parallel. No 
further F 4 folding is observed and as the contact is approached bedding and 811213 become 
unrecognisable. Meneilly (1982) suggests that very high strains related to granite 
emplacement are recorded in this zone, which Sanderson & Meneilly (1981) attempt to 
quantify through the measurement of andalusite rotation during growth and 
deformation. Their results show very high flattening strains (K-0, XIZ>ll) close to the 
margins decreasing to (K-0.2, X/Z-1.5) at 500m from the contact. 
Interpreting these results Meneilly (1982) suggested that expansion of a granite body 
resulted in a local stress redistribution, forming D4 structures with an orientation 
dependent upon their spatial relationship to the Ardara pluton. In addition thermal 
softening took place around the pluton concentrating deformation close to the pluton 
contact. 
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Figure 2.10 D4 and Ds structures around Gweebarra Bay, from Meneilly (1982) 
Kerrick (1987) carried out a garnet-biotite geothermobarometric analysis of the 
aureole, suggesting that the andalusites probably grew in two phases; and that for an 
assumed pressure of emplacement of 2.5 KBar (7-9 km), the maximum attained contact 
temperature was -650°C at the contact and -350oC at 1km. 
Most recently the pluton has become the focus of wide-ranging discussion as to the 
existence or non-existence of diapirs and ballooning plutons, and the validity of using 
microgranitoid enclaves as strain markers (Vernon & Paterson 1993, Morgan 1995, 
Paterson & Vernon 1995). The main studies of Vernon & Paterson (1993) and Paterson & 
Vernon (1995) maintained that: 
1. Populations of microgranitoid enclaves show a variation in axial ratio across a single 
outcrop and therefore a statistical analysis of such enclaves produces an invalid record of 
the imposed strain. 
2. The observed strain path described in the work of Holder (1979) could be produced as a 
result of convective processes in a diapir or magma chamber. 
3. There was significant deformational overprint of the pluton post-emplacement because 
the igneous foliation cross-cuts certain internal petrological boundaries. 
4. The country rocks do not preserve adequate shortening to account for the space occupied 
by the pluton and therefore space must have been created by mechanisms for which 
there is little field evidence e.g. stoping. 
The following work will attempt to move forward from existing knowledge and, through an 
analysis of a comprehensive dataset, demonstrate the ballooning nature of pluton 
emplacement. 
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2.2 The Ardara pluton: the plutonic phases 
The individual outcrop features associated with emplacement are described below: 
2.2.1 Nature of the contact 
The Ardara pluton has a relatively sharp contact zone ( <3 metres) with the 
surrounding country rock. The contact displays different features depending upon the 
location. 
The southern contact is described by a sharp boundary from vertically foliated, 
sheared mica schists, the Falcarragh Pelites, into a steeply foliated G 1 granite. In places 
the granite has a gneissic texture, produced during solid state deformation of an earlier 
magmatic fabric. 
Around the eastern and western sides of the pluton the contact is also sharp and 
well defined (<3m), generally consisting of strongly foliated (84) Falcarragh Pelites, with a 
schistose texture, and granite which displays a gneissose solid state fabric in the 20-30m 
closest to the contact. This solid state deformation reduces rapidly in intensity away from 
the contact, becoming indistinguishable from the magmatic foliation (in outcrop) at 
approximately 50m from the contact. 
The contact rock fabric, solid state deformation and magmatic state deformation are 
everywhere parallel to each other. 
2.2.2 Outer unit, Gl 
The outer plutonic unit has been described as a tonalite (Ak.aad 1956a) and as a 
quartz diorite (Holder 1979): Point counting of 23 samples suggests an average plagioclase-
rich granodioritic composition (Figure 2.lla). In outcrop the granite appears with obvious 
phenocryst plagioclase crystals (0.5-lcm) and poorly formed overgrowing K-feldspars 
( -lcm) in a matrix of small quartz crystals and abundant biotite. 
Solid state deformation 
Around the outer contact of the pluton (less than lOOm from the contact) there is a 
steep solid state fabric developed which is defined in outcrop by elongate quartz and 
rounded feldspar, resulting in occasionally developed S-C fabrics and o- and cr-type fabrics 
(Plate 2.1). In thin section this deformation is observed to consist of mimetic recrystallised 
strain-free quartz and weakly developed 'core and mantle' structures around undeformed 
feldspar cores, indicating a medium-high temperature during fabric development. Using the 
criteria of Passchier & Trouw (1996), the contact temperature of deformation is estimated 
at 400-5oo·c. Away from the immediate contact zone the intensity of this deformation 
decreases over 100-150m until the fabric is a magmatic state fabric. 
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a) Gl 
b) G2 
c) G3 
Figure 2.11 
Quartz 
Quartz 
Quartz 
Field of G2 
Average, G2 
Field of G3 
Average, G3 
Tertiary QAPF-type plot for rocks of a granitic composition for Ardara G 1, G2, G3 
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The solid state fabric is interpreted as being of low intensity because it is non-
pervasive, earlier magmatic fabric remnants are preserved, feldspar crystals are generally 
original in shape and structure and original biotite crystals can be recognised. Traversing 
away from the contact through G 1 towards the centre of the pluton, the solid state fabric 
diminishes in strength, grades into and is indistinguishable from the magmatic fabric . 
Plate 2.1 Solid state deformation of G 1, Ardara pluton 
Magmatic state deformation 
The magmatic state fabric is developed away from the immediate contact zone 
(greater than 50m from the contact zone) but can often be identified in zones of 
heterogeneous solid state deformation. This fabric displays feldspar phenocryst 
interactions, which took place while there was significant melt present, resulting in well 
developed tiling fabrics, developed by biotite and rare highly retrogressed homblendes. The 
later formed phases are quartz and K-feldspar; quartz forms interstitial irregularly shaped 
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crystals, whereas K-feldspar, forms poorly formed sub-rectangular perthitic crystal which 
overgrow and incorporate earlier fully crystallised phases (Plate 2.2) . 
...J 
Plate 2.2 Photomicrograph of magmatic state deformation G 1, Ardara pluton (GR 72629846) 
Within G 1 there are two dominant types of xenoliths; amphibolitic xenoliths - which 
are blocky, display variable orientation with respect to the foliation and preserve deformed 
relict sedimentary features; and microgranitoid enclaves - that are elliptical in shape, 
orientated sub-parallel to the foliation and have a fine grain size and a homogenous broadly 
mafic composition. Their origin may be related to the large number of basic appinitic 
sills/dykes and complexes in the region around the pluton e.g. Meenalargan complex, Hall 
(1966). 
2.2.3 G2 
The G2 unit, for which point counting analysis of 24 sections demonstrates a 
granodioritic composition, has been described as a quartz diorite (Akaad 1956a) and as a 
granodiorite (Holder 1979) (Figure 2.11b). Its contact with G1 is generally sharp. Of 
particular remark are the contact zones around GR 730997 on Binwee Hill where minor 
local xenoliths of G 1 can be observed in G2 and the contact zone is defined by very local 
interfingering and minor dyking ofG2 into G1 (Figure 2.12). 
This may suggest that G 1 had attained a complex semi-solid (perhaps gel-like) 
rheology before emplacement of G2 took place i.e. on long-medium timescale/low strain 
rate, the G 1 magma flowed producing magmatic structures, whereas on a short 
timescale/high strain rate the G 1 magma could deform brittle fashion. At the south western 
corner of the pluton (GR 728913), the Gl/G2 contact is delimited by a screen of deformed 
quartzite, -30m wide (believed to be a fragment of Ards quartzite), which was incorporated 
during intrusion. This suggests that magma forcefully intruded the country rock, 
incorporating and translating it during the intrusion process: The closest fragment of Ards 
quartzite to this locality is incorporated into the Meenalargan complex, over 10km away 
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(Iyengar et al ,1954). This fragment may represent material incorporated from the roof 
during early emplacement. 
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In outcrop the most striking features of G2 are its generally small grain size 
(<0.5cm) and mafic blebs (0.5-lcm), which in thin section can be seen to be made of 
retrogressed hornblende mantled by biotite and opaques (Plate 2.3a). These inclusions may 
be related to mixing of mafic and felsic magmas at depth or during ascent, before 
emplacement. No solid state fabric of any sort is seen in G2, only the well developed 
magmatic state fabric. This is defined by an often tiled fabric amongst the zoned plagioclase 
feldspars and magmatic biotites, with original quartz and rare K-feldspar crystallising in 
the remaining cavities. 
Incorporated into G2 there are abundant ellipsoidal microgranitoid enclaves of a 
mafic composition, which are larger and easily distinguished from the minor blebs in the 
matrix. Country rock xenoliths are rare to absent in G2. 
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b) Photograph of G2, Ardara pluton showing magmatic state deformation (GR 72629846) 
Plate 2.3 
2.2.4 Central unit, G3 
The central magmatic phase G3, a granodiorite, is the most evolved of each of the 
three phases. Both Akaad (1956a) and Holder (1979) also refer to it as a granodiorite. This 
phase is distinguished in the field through the development of small ( <0.5cm) pale pink 
weathering plagioclase feldspar crystals and prominent, very well formed, dusty grey 
quartz (Plate 2.4). The fabric itself is weak but recognisable everywhere throughout the 
pluton. It formed in the magmatic state and is defined through the preferred alignment of 
feldspar, biotite and quartz. 
Across all plutonic phases the foliation forms sub-concentric rings concordant with 
the outer contact and the country rocks. This fabric diminishes in strength around a point 
south west of the geographical centre of the pluton, in the vicinity of the Moolagh 
Townlands (GR 734949). 
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The contact with G2 is often poorly defmed due to the discontinuity of exposure; the 
available evidence suggests that it is probably gradational over 10-20m. Only in the 
southwestern area around Trawnacasey (GR 718923) is the contact well defined, where G1 
is in contact with a thin country rock screen (similarly to the G 1/G2 contact in this area), 
which is in contact with G3. This country rock screen is estimated to be approximately 7m 
wide at this point. Throughout G3 microgranitoid enclaves are often small and display a 
heterogeneous distribution. 
2.2.5 The Moolagh townlands, GR 734949 
The outcrops in this vicinity are noteworthy, with reference to the entire pluton. 
This area corresponds to a zone of smaller than average crystal size, a fabric which is 
particularly weak, occasionally unobservable and changes rapidly in orientation, and a 
remarkable number of very small mafic enclaves (Figure 2.13) . In general, the fabric 
increases qualitatively in intensity outwards from this point and G3 preserves fewer 
enclaves than are observed here. 
This zone corresponds to the offset centre of the pluton and to the position of latest 
magma emplacement, the "injection point". 
2.2.6 Conclusion and discussion 
The Ardara pluton is a three phase normally zoned pluton i.e. it becomes more 
evolved (quartz rich) with the each additional phase. It is emplaced into deformed pelitic 
schists which have a concordant narrow contact with the plutonic phases. The outer phase, 
G 1, is strongly coupled to deformation in the country rock: It is deformed in the solid state 
close to the contact, where the hot granite magma would have been cooled against the 
surrounding country rocks, and in the magmatic state elsewhere. G2 shows a sharp contact 
with G 1 and locally intrudes into it, which suggests G 1 was already partially solidified upon 
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the intrusion of G2. G3 shows a slightly gradational contact with G2 and appears to deform 
in a similar manner though they are compositionally quite distinct. 
Each plutonic phase displays a recognisable and measurable fabric formed in the 
magmatic or solid state, which is indistinguishable in orientation across similarly 
positioned outcrops. The intensity of this fabric diminishes within G3 and is at its weakest 
at a point south west of the geographical centre of the pluton, around the Moolagh 
Townlands, where the fabric is conspicuously weak and there are abundant small mafic 
enclaves. 
I I 
I 
I. 
, I 
tm 
Field sketch of Moolagh Townlands outcrops showing abundant small microgranitoid enclaves (GR 734949) 
Figure 2.13 
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2.3 Strain measurement 
The measurement of finite strain requires the quantification of the degree of 
shortening/extension that has taken place in three dimensions during deformation. It is 
commonly represented using the strain ellipse or a percentage extension/shortening. In the 
following analysis three methods are presented in an attempt to elucidate the preserved 
strain within and around the Ardara pluton. 
2.3.1 Mafic enclaves axial ratio map 
The methodology used in the statistical analysis of mafic enclaves to develop 
statistical population averages was described in Chapter 1. This method was followed at 62 
locations across the pluton, measuring nearly 3000 mafic enclaves. At each locality every 
effort was made to collect a statistical sample (approximately 30 enclaves was used in each 
analysis) of enclave axial ratios from each of the princip;/ planes (Rxz and Rvz). Because of 
the general absence of a lineation and dominance of flattening strain across the pluton Rxz 
and Ryz are found to be identical and/or interchangeable; in the analysis the principc~l 
planes are referred to as; the horizontal plane, which is the horizontal plane of outcrop 
perpendicular to foliation; and the vertical plane, which is the vertical plane of outcrop 
perpendicular to foliation. In addition to measuring the mean of each population, the 
following statistical characteristics were determined; standard deviation, the statistical 
variability within a population; percentage population spread, (Equation 2.2) statistical 
percentage variability with a population; log K-value, the style of deformation recorded by 
the population; population range, defined by the ro log co-efficient (Equation 2.3). A 
' . 
summary of these principc:l data are presented in Table 2.3, with a complete listing of all 
data, localities and grid references in Appendix 2. 
I Equation 2.2, Percentage population spread = (standard deviation I population mean) x 100 
Equation 2.3, Population range, ro log 
(1) log = log10 (Rmax) - logw(Rmin) 
where Rmax is the largest recorded axial ratio, and Rmin is the smallest 
recorded axial ratio. 
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Table 2.3 Table of average mafic enclave axial ratios from the Ardara pluton 
Locality Grid Ref. Pluton Orientation Mean Axial Number of St. Dev. Smallest Largest wLog LogK %Variation 
ratio analysed Axial Ratio Axial value in size 
enclaves Ratio 
AO GR 72789221 G2 HORIZ 4.34 30 2.75 1.50 13.50 0.95 0.03 63.36 
AO GR 72789221 G2 VERT 4.51 30 2.97 1.65 14.50 0.94 65.85 
A2 GR 72759279 G1 HORIZ 2.51 30 0.94 1.50 6.25 0.62 0.07 37.45 
A2 GR 72759279 G1 VERT 2.68 23 0.92 1.27 5.00 0.59 34.33 
A4 GR 73269169 G1 HORIZ 4.52 30 1.59 2.50 8.33 0.52 0.10 35.18 
A4 GR 73269169 G1 VERT 3.95 17 1.24 2.50 6.67 0.43 31.39 
A6 GR 73159211 G2 HORIZ 3.71 29 1.19 1.33 6.50 0.69 0.03 32.08 
A6 GR 73159211 G2 VERT 3.89 23 1.62 2.00 7.14 0.55 41.65 
B1 GR 71689248 G1 HORIZ 3.82 30 1.35 1.86 6.43 0.54 0.02 35.34 
B1 GR 71689248 G1 VERT 3.95 30 1.84 1.36 10.00 0.86 46.58 
B5 GR 71269336 G2 HORIZ 3.76 30 1.63 2.00 8.95 0.65 0.04 43.35 
B5 GR 71269336 G2 VERT 3.59 30 1.77 1.78 9.38 0.72 49.30 
B6 GR 70789380 G1 HORIZ 3.37 30 1.22 1.78 7.25 0.61 36.20 
C1 GR 71949842 G1 HORIZ 4.50 30 1.90 2.24 8.67 0.59 0.09 42.22 
C1 GR 71949842 G1 VERT 5.26 6 2.83 1.78 9.38 0.72 53.80 
C10 GR 73889704 G3 HORIZ 2.07 30 0.83 1.00 4.00 0.60 0.17 40.10 
C10 GR 73889704 G3 VERT 1.86 30 0.77 1.00 4.17 0.62 41.40 
C4 GR 73089861 G2 HORIZ 3.03 30 1.12 1.37 5.00 0.56 0.09 36.96 
C4 GR 73089861 G2 VERT 3.38 23 0.85 2.21 3.38 0.42 25.15 
C7 GR 73599793 G2 HORIZ 3.11 30 1.22 1.47 7.33 0.70 0.04 39.23 
C7 GR 73599793 G2 VERT 2.99 30 1.07 1.56 5.00 0.50 35.79 
D1 GR 70329569 G1 HORIZ 3.57 30 1.20 2.43 8.42 0.54 0.10 33.61 
D1 GR 70329569 G1 VERT 3.17 25 1.22 1.17 5.75 0.69 38.49 
D2 GR 70619592 G2 HORIZ 3.37 27 1.86 1.88 11.67 0.79 55.19 
D4 GR 72119527 G3 HORIZ 1.47 30 0.48 1.00 3.00 0.48 32.65 
D4** GR 72679532 G3 HORIZ 1.40 30 0.28 1.00 2.00 0.30 0.33 20.00 
D4** GR 72679532 G3 VERT 1.65 30 0.63 1.00 3.50 0.54 38.18 
E3 GR 80919557 G1 HORIZ 3.89 25 1.91 2.25 8.28 0.57 0.39 49.10 
E3 GR 80919557 G1 VERT 2.65 16 0.95 1.36 4.32 0.50 35.85 
E7 GR 79639407 G2 HORIZ 3.10 30 1.17 1.26 7.11 0.75 37.74 
F1 GR 76789151 G1 HORIZ 3.46 30 1.60 1.93 9.30 0.68 0.00 46.24 
F1 GR 76789151 G1 VERT 3.48 30 1.10 1.33 6.80 0.71 31.61 
F2 GR 76469325 G3 HORIZ 1.90 30 0.65 1.10 3.35 0.48 34.21 
F3 GR 76429342 G3 HORIZ 2.65 30 0.64 1.79 4.50 0.40 0.46 24.15 
F3 GR 76429342 G3 VERT 1.95 30 0.57 1.00 3.15 0.50 29.23 
G1 GR 71599800 G1 HORIZ 3.32 30 1.29 2.05 7.09 0.54 0.08 38.86 
G1 GR 71599800 G1 VERT 3.03 10 1.06 1.19 4.75 0.60 34.98 
G2 GR 71009749 G1 HORIZ 3.25 20 0.69 2.21 4.71 0.33 21.23 
G4 GR 70429637 G2 HORIZ 2.70 23 0.98 1.42 5.16 0.56 0.04 36.22 
G4 GR 70429637 G2 VERT 2.82 15 1.03 1.69 5.23 0.49 36.52 
G5 GR 71699720 G2 HORIZ 3.42 30 1.48 1.79 7.82 0.64 0.10 43.27 
G5 GR 71699720 G2 VERT 3.05 30 1.44 1.15 8.33 0.86 47.21 
H1 GR 73119865 G1 HORIZ 3.26 30 1.39 1.41 6.80 0.68 0.06 42.64 
H1 GR 73119865 G1 VERT 3.50 30 1.35 1.92 7.00 0.56 38.57 
H3 GR 74639874 G1 HORIZ 4.00 30 1.90 1.49 8.75 0.77 0.06 47.50 
H3 GR 74639874 G1 VERT 4.36 30 1.80 1.13 8.75 0.89 41.28 
H4 GR 74389821 G2 HORIZ 3.27 25 1.62 1.47 7.33 0.70 0.04 49.54 
H4 GR 74389821 G2 VERT 3.13 10 1.82 1.67 7.00 0.62 58.15 
H5 GR 74659825 G3 HORIZ 1.91 28 0.69 1.08 3.56 0.52 0.12 36.13 
H5 GR 74659825 G3 VERT 2.09 30 0.86 1.10 5.00 0.66 41.15 
H6 GR 74029813 G2 HORIZ 2.92 30 2.12 1.13 13.00 1.06 0.02 72.60 
H6 GR 74029813 G2 VERT 2.97 30 2.49 1.05 13.30 1.10 83.84 
11 GR 72229674 G3 HORIZ 1.95 30 0.81 1.15 5.06 0.65 41.54 
14 GR 71549484 G2 HORIZ 2.01 30 0.73 1.08 4.54 0.62 0.17 36.37 
14 GR 71549484 G2 VERT 1.82 30 3.18 1.00 18.90 1.27 174.73 
15 GR 71889419 G3 HORIZ 1.68 30 0.55 1.13 3.06 0.43 0.33 32.74 
15 GR 71889419 G3 VERT 2.16 5 0.35 1.89 2.57 0.13 16.20 
J1 GR 75789817 G1 HORIZ 2.31 30 0.95 1.57 6.25 0.60 0.20 41.13 
J1 GR 75789817 G1 VERT 2.85 30 1.33 1.10 7.08 0.81 46.67 
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Locality Grid Ref. Pluton Orientation Mean Axial Number of St. Dev. Smallest Largest wLog LogK %Variation 
J3 
J3 
J4 
J4 
J5 
J5 
J5* 
K2 
K2 
L1 
L1 
L2 
L2 
L3 
L3 
L7 
L7 
Ml 
M1 
M2 
M2 
M5 
N5 
N5 
02 
03 
03 
04 
04 
05 
05 
P2 
P2 
P3 
P3 
P5 
P5 
P7 
P7 
Q1 
Q6 
R1 
R1 
R2 
R7 
R7 
82 
82 
U2 
U2 
U3 
U3 
ratio analysed Axial Ratio Axial value in size 
enclaves Ratio 
GR 76329753 G1 HORIZ 3.96 30 2.16 2.14 13.18 0.79 0.14 54.55 
GR 76329753 G1 VERT 3.33 29 1.36 1.50 7.50 0.70 40.84 
GR 77089693 G2 HORIZ 3.48 30 1.81 1.60 10.50 0.81 0.03 52.01 
GR 77089693 G2 VERT 3.64 30 1.04 1.08 5.60 0.71 28.57 
GR 78149665 G1 HORIZ 2.56 27 1.25 1.25 7.71 0.79 0.10 48.83 
GR 78149665 G1 VERT 2.85 16 1.05 1.84 5.88 0.50 36.84 
GR 78409659 G1 HORIZ 3.61 30 1.42 1.50 7.65 0.71 39.34 
GR 78299578 G1 HORIZ 3.07 29 1.11 1.33 5.67 0.63 0.15 36.16 
GR 78299578 G1 VERT 2.65 30 1.21 1.27 6.00 0.67 45.66 
GR 75979704 G2 HORIZ 2.56 30 1.36 1.46 9.06 0.79 0.10 53.13 
GR 75979704 G2 VERT 2.85 30 1.17 1.55 5.73 0.57 41.05 
GR 75979649 G3 HORIZ 2.55 30 2.50 1.20 14.29 1.07 0.34 98.04 
GR 75979649 G3 VERT 2.01 30 0.49 1.04 3.25 0.49 24.38 
GR 75789557 G3 HORIZ 2.29 30 0.81 1.13 4.50 0.60 0.08 35.37 
GR 75789557 G3 VERT 2.16 30 0.97 1.32 5.67 0.63 44.91 
GR 73769186 G2 HORIZ 3.64 30 1.43 1.58 6.50 0.61 0.07 39.29 
GR 73769186 G2 VERT 3.36 30 1.59 1.38 7.60 0.74 47.32 
GR 74409155 G1 HORIZ 3.39 29 1.07 1.96 6.44 0.52 0.08 31.56 
GR 74409155 G1 VERT 3.76 30 1.62 2.00 9.00 0.65 43.09 
GR 75619132 G2 HORIZ 3.20 30 1.19 1.84 5.83 0.50 0.15 37.19 
GR 75619132 G2 VERT 3.93 30 1.70 2.10 7.80 0.57 43.26 
GR 78749311 G2 HORIZ 3.56 15 1.72 1.67 7.50 0.65 48.31 
GR 73769492 G3 HORIZ 1.93 30 0.85 1.00 4.67 0.67 0.02 44.04 
GR 73769492 G3 VERT 1.91 30 0.55 1.00 3.20 0.51 28.80 
GR 71589319 G2 HORIZ 2.65 30 0.93 1.25 5.00 0.60 35.09 
GR 72829274 G3 HORIZ 2.56 30 0.79 1.16 4.43 0.58 0.05 30.86 
GR 72829274 G3 VERT 2.68 30 0.97 1.41 5.67 0.60 36.19 
GR 73469227 G2 HORIZ 2.90 30 0.98 1.38 4.67 0.53 0.17 33.79 
GR 73469227 G2 VERT 3.59 30 1.50 2.07 7.14 0.54 41.78 
GR 73569113 G3 HORIZ 2.99 30 1.05 1.54 6.67 0.64 0.08 35.12 
GR 73569113 G3 VERT 3.28 16 1.03 1.95 5.60 0.46 31.40 
GR 73069761 G2 HORIZ 2.68 30 0.90 1.60 5.28 0.52 0.12 33.58 
GR 73069761 G2 VERT 3.05 30 1.16 1.50 6.00 0.60 38.03 
GR 73219713 G3 HORIZ 2.43 22 0.84 1.44 4.27 0.47 0.16 34.57 
GR 73219713 G3 VERT 2.86 3 0.29 2.60 3.17 0.09 10.14 
GR 73349560 G3 HORIZ 2.21 4 0.52 1.81 3.00 0.22 0.27 23.53 
GR 73349560 G3 VERT 1.87 8 0.40 1.47 2.71 0.26 21.39 
GR 72429555 G3 HORIZ 1.77 30 0.67 1.00 3.75 0.57 0.06 37.85 
GR 72429555 G3 VERT 1.84 16 1.03 1.18 5.33 0.65 55.98 
GR 81049444 G1 HORIZ 7.38 30 5.00 3.20 22.50 0.84 67.75 
GR 79829553 G2 HORIZ 1.89 30 0.57 1.11 3.33 0.47 30.16 
GR 76889563 G2 HORIZ 3.48 30 1.86 1.33 9.00 0.83 0.09 53.45 
GR 76889563 G2 VERT 3.14 24 1.16 1.67 6.00 0.56 36.94 
GR 76919560 G3 HORIZ 2.45 16 0.83 1.37 4.24 0.49 33.88 
GR 75469671 G3 HORIZ 2.81 30 1.01 1.40 5.17 0.57 0.04 35.94 
GR 75469671 G3 VERT 2.95 30 0.86 1.76 5.50 0.49 29.15 
GR 75429378 G3 HORIZ 3.16 30 1.50 1.83 10.00 0.74 0.12 47.47 
GR 75429378 G3 VERT 2.79 14 0.80 2.00 4.50 0.35 28.67 
GR 73079378 G3 HORIZ 2.27 30 0.80 1.50 4.40 4.47 0.24 35.24 
GR 73079378 G3 VERT 1.94 9 0.45 1.17 2.40 0.31 23.20 
GR 73849452 G3 HORIZ 2.59 27 0.51 1.71 3.57 0.32 0.08 19.69 
GR 73849452 G3 VERT 2.80 17 1.38 1.35 6.50 0.68 49.29 
The geometric mean of each of these populations has been plotted spatially on a 
map of the pluton (Figure 2.14 a, b) and contoured using the nearest neighbour method 
(Swan & Sandilands 1994). Used in concert with the table above and the Flinn plot (Figure 
2.14c) a number of important observations can be about the results: 
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1. The enclaves record emplacement finite strain - The reliability of using 
mafic/microgranitoid enclave axial ratios as strain markers is widely disputed (Vernon 
1984, Vernon & Paterson 1993, Fowler & Paterson 1997 and references therein). These 
data demonstrate a consistent increase in axial ratio from the interior to the outer 
contact of the pluton, in both princiJ:_a/ planes of foliation. This increase in axial ratio is 
coincident with a qualitative increase in magmatic and solid state emplacement related 
foliation intensity. The mafic enclaves across the pluton record this foliation intensity 
increase quantitatively and therefore are acting as markers of the finite strain. By 
statistically analysing spatially distinct populations enclave size variability, some of the 
effects of initial shape obliquity can be diminished. Fowler & Paterson (1997) suggest 
that differences in freezing temperature of the magmas results in freezing of the mafic 
enclaves and an underestimate of any finite strain recorded. This criticism of the 
analysis is accepted and therefore the enclave axial ratio is taken as a lower limit of the 
possible fmite strain during emplacement of the pluton. 
2. Increasing finite strain - The enclave axial ratio values mcrease consistently as 
concentric rings CRs -1.6 in the centre to Rs -5 at the contact) in both planes of 
measurement, from a point displaced south west of the geographic centre of the pluton 
(Point I, Figure 2.14 a, b). Point 'I', the 'injection point', henceforth describes the area 
around the Moolagh Townlands (GR 734949), where the magmatic fabric is at its 
weakest. The low enclave finite strain observed in this area again demonstrates that this 
area could correspond to a zone where all phases of the magma were injected, before 
expansion and lateral translation. 
3. Flattening strain - Because in most of the pluton (except along the southernmost 
contact) a lineation is not developed and mafic enclave strains are broadly similar in 
both principal ·planes of measurement, X = Y and the strain is of flattening type (Flinn 
1962) (Figure 2.14c). In the overprinted southern area K~l. 
4. Low strain enclaves - The lowest strain enclave populations are preserved around the 
'injection point'. If these enclaves represent an initial axial ratio before any deformation 
could take place, there is a small degree of initial shape obliquity in deformed xenoliths. 
They were emplaced as weakly elongate ellipsoids not spheres. 
5. Ballooning I in-situ expansion- Radially increasing strain, flattening K-0 type strain 
and a low strain centre are all features that would be observed if strain were to be 
measured on the outer surface of a progressively expanding balloon. If the 'inflation 
point' were known, and a number of intermediate stages during balloon inflation were 
recorded, it would be possible to inverse model the inflation of the balloon i.e. de-strain 
the balloon. This type of information is recorded in the granite phases, hence de-
straining of the pluton should be possible. 
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a) Horizontal plane mafic enclave axial ratios 
b) Vertical plane, mafic enclave axial ratios 
c) Flinn plot for mafic enclave axial ratios 
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Figure 2.14 Enclave axial ratio data from the Ardara pluton 
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2.3.2 Fry strain map 
The grain-size normalised Fry strain was measured on the horizontal and vertical 
principo./ planes at 36 localities across the pluton. The methods and processes used during 
the grain-size normalised Fry strain inversion were outlined in Chapter 1. Table 2.5 shows 
the average Fry strain for each of the princip~{ planes as measured across the pluton: These 
are plotted, spatially in Figure 2.15 a, b for the vertical and horizontal planes, as a log Flinn 
plot in Figure 2.15c, and against the corresponding mafic enclave finite strain in Figure 
2.15d. Appendix 3 contains more detailed data on the individual number and type of Fry 
strain inversions carried out. Analysis of the data leads to the following conclusions: 
1. Radial increase - The Fry strain increases from the centre to the margins of the 
pluton, similarly to the qualitative increase in fabric intensity and the increase in mafic 
enclave fmite strain. The crystals within the fabric become preferentially spatially 
dispersed during deformation, which results in a quantifiable ' Fry strain'. In detail it 
can be seen that the Fry strain data displays a greater variability compared with the 
mafic enclave data and a consistently lower value. 
2. 'Injection point'- A low Fry strain centre, point 'I' (Figures 2.15 a, b) can be recognised 
and occurs in a similar position to that of the enclave axial ratio 'injection point' on the 
Moolagh Townlands. 
3. Low finite strain - Fry strains measured in a zone around the 'injection point' are close 
to unity, data which are consistent with the qualitatively weak foliation observed in this 
area and by corollary mafic enclaves measured in this area are representative of an 
undeformed state. Hence, the mafic enclave axial ratios in this area may record a 
component of mafic enclave initial shape obliquity, which they may preserve as a 
consequence oftheir formation and injection characteristics. 
4. Lower values - The Fry strain generally shows lower values compared with mafic 
enclave axial ratios (Figure 2.15a, b compared with Figure 2.15a, b and Figure 2.15d): 
This may be a consequence of; i) a degree of enclave initial axial ratio; ii) the mafic 
enclaves 'seeing' more emplacement related strain, as a result of crystallisation and 
evolution of the magma fabric i.e. fabric development may occur at some time after 
initial magma and enclave emplacement; iii) the homogenous outcrop bulk emplacement 
strain recorded by enclaves is accommodated heterogeneously across the outcrop and not 
'seen' at the scale used for Fry strain determination (often less than 10cm); iv) transfer 
of particles into and out of the strain plane during deformation, inhibiting the 
anisotropic development of a fabric. 
5. Flattening strain - The Fry strain values demonstrate flattening strain (O<K<l) across 
the pluton, except along the southern contact where the fabric is modified by the 
overprinting Main Donegal Granite shear zone. 
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a) Horizontal plane Fry strains 
b) Vertical plane Fry strains 
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Figure 2.15 l!'ry fabric strains {rom the Ardara pluton 
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6. Correlation with mafic enclave finite strains- Figure 2.15d demonstrates a positive 
correlation between recorded increases in mafic enclave axial ratio fmite strain and Fry 
strains from across the pluton. 
Table 2.5 Table of Fry strains from the Ardara pluton 
Locality Grid Ref. Pluton Orientation Fry strain Number of Smallest Largest Log K-value 
analyses Fry readi~ Fry reading 
AO GR 72789221 G2 HOR1Z 3.20 6 2.33 4.48 0.15 
AO GR 72789221 G2 VERT 2.74 5 2.27 3.43 
A2 GR 72759279 G1 HOR1Z 2.99 4 2.01 3.13 0.19 
A2 GR 72759279 G1 VERT 3.36 4 1.15 3.65 
B1 GR 71689248 G1 HOR1Z 2.26 4 1.96 2.46 0.12 
B1 GR 71689248 G1 VERT 2.44 4 1.96 2.44 
B5 GR 71269336 G2 HOR1Z 2.37 4 2.03 2.39 0.12 
B5 GR 71269336 G2 VERT 2.04 4 1.92 2.27 
B6 GR 70789380 G1 HOR1Z 2.58 3 2.35 3.00 0.16 
B6 GR 70789380 G1 VERT 2.53 4 1.56 2.68 
C1 GR 71949842 G1 HOR1Z 2.35 4 1.67 2.49 0.10 
C1 GR 71949842 G1 VERT 2.03 4 1.71 2.50 
C3 GR 72629846 G1 HOR1Z 2.49 4 2.03 2.93 0.02 
C3 GR 72629846 G1 VERT 2.44 4 2.03 2.87 
C4 GR 73089861 G2 HOR1Z 2.45 4 1.89 2.85 0.11 
C4 GR 73089861 G2 VERT 2.75 4 1.99 3.32 
C7 GR 73599793 G2 HOR1Z 2.43 6 1.62 2.86 0.08 
C7 GR 73599793 G2 VERT 2.41 6 2.07 3.19 
D1 GR 70329569 G1 HOR1Z 2.06 6 1.68 2.64 0.21 
D1 GR 70329569 G1 VERT 1.91 7 1.16 2.31 
D4 GR 72119527 G3 HOR1Z 1.60 3 1.41 2.91 0.90 
D4 GR 72119527 G3 VERT 1.43 4 1.37 1.57 
E1 GR 80789608 G1 VERT 2.23 2 1.50 2.18 
E7 GR 79639407 G2 HOR1Z 2.43 4 1.49 3.06 0.06 
E7 GR 79639407 G2 VERT 2.31 4 1.85 2.86 
F1 GR 76789151 G1 HOR1Z 1.86 3 1.81 1.91 0.10 
F1 GR 76789151 G1 VERT 2.00 4 1.96 2.04 
G2 GR 71009749 G1 HOR1Z 1.55 2 1.45 1.65 0.44 
G2 GR 71009749 G1 VERT 2.19 2 1.90 2.48 
G4 GR 70429637 G2 HOR1Z 2.01 4 1.87 2.14 0.05 
G4 GR 70429637 G2 VERT 2.09 2 1.84 2.33 
G5 GR 71699720 G2 HOR1Z 2.16 2 1.62 2.69 0.29 
G5 GR 71699720 G2 VERT 2.98 2 2.74 3.21 
H3 GR 74639874 G1 HOR1Z 2.56 7 2.60 1.73 0.14 
H3 GR 74639874 G1 VERT 2.82 8 1.95 3.84 
H5 GR 74659825 G3 HOR1Z 2.09 4 1.64 2.27 0.17 
H5 GR 74659825 G3 VERT 2.04 4 1.79 3.00 
H6 GR 74029813 G2 HOR1Z 2.32 6 1.81 2.63 0.21 
H6 GR 74029813 G2 VERT 2.80 6 1.94 3.46 
15 GR 71889419 G3 HOR1Z 1.94 4 1.30 2.38 0.17 
15 GR 71889419 G3 VERT 2.22 4 1.00 2.44 
J3 GR 76329753 G1 HOR1Z 2.27 3 2.08 2.60 0.60 
J3 GR 76329753 G1 VERT 1.67 4 1.43 2.02 
J4 GR 77089693 G2 HOR1Z 1.78 4 1.47 2.18 0.44 
J4 GR 77089693 G2 VERT 2.53 4 2.54 3.37 
J5 GR 78149665 G1 HOR1Z 2.65 8 2.34 3.72 0.02 
J5 GR 78149665 G1 VERT 2.90 8 1.79 3.58 
K4 GR 77619632 G1 HOR1Z 1.82 6 1.63 2.06 0.13 
K4 GR 77619632 G1 VERT 1.99 6 1.64 2.35 
L1 GR 75979704 G2 HOR1Z 2.75 5 2.23 2.98 0.04 
L1 GR 75979704 G2 VERT 2.79 5 1.70 3.28 
L4 GR 75469499 G3 HOR1Z 2.74 4 3.50 2.45 0.15 
L4 GR 75469499 G3 VERT 2.59 4 3.30 1.93 
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Locality Grid Ref. Pluton Orientation Fry strain Number of Smallest Largest Log K-value 
analyses Fry reading Fry reading 
L7 GR 73769186 G2 HORIZ 2.61 4 2.64 3.00 0.81 
L7 GR 73769186 G2 VERT 1.79 4 1.76 1.81 
M6 GR 79539323 G2 VERT 3.04 4 2.68 3.57 
N3 GR 74139629 G3 HORIZ 2.38 4 1.97 2.62 0.62 
N3 GR 74139629 G3 VERT 1.71 4 1.25 2.30 
02 GR 71589319 G2 HORIZ 2.29 10 1.60 3.09 0.05 
02 GR 71589319 G2 VERT 2.39 10 1.19 2.76 
04 GR 73469227 G2 HORIZ 2.05 6 1.31 2.60 0.61 
04 GR 73469227 G2 VERT 1.56 6 1.24 1.82 
P5 GR 73349560 G3 HORIZ 2.11 4 1.51 3.47 0.38 
P5 GR 73349560 G3 VERT 1.91 4 1.89 2.02 
Q1 GR 81049444 G1 HORIZ 1.92 4 1.69 2.29 0.61 
Q1 GR 81049444 G1 VERT 1.50 4 1.36 1.67 
Q5 GR 81849580 G1 HORIZ 2.05 4 1.11 3.33 0.17 
Q5 GR 81849580 G1 VERT 2.15 4 1.74 2.44 
83 GR 75139359 G3 HORIZ 1.56 2 1.00 2.12 0.18 
83 GR 75139359 G3 VERT 1.72 2 1.72 3.00 
86 GR 73469230 G3 HORIZ 2.36 2 2.36 3.27 0.18 
86 GR 73469230 G3 VERT 2.07 2 1.81 2.32 
2.3.3 Strain measurement in the country rocks 
Making finite strain estimates for deformation recorded in the wallrocks of a pluton 
is problematic because there are quantification difficulties e.g. nature, type and rheology of 
any pluton induced, or previous polyphase, deformation. The deformation, stratigraphy and 
petrography of the Ardara pluton aureole is known in great detail, as a result of the work of 
Iyengar et al (1954), Akaad (1956a, b) and Meneilly (1981,1982) and it is therefore possible 
to identify and partially quantify the deformation related to intrusion using this 
comprehensive dataset. 
The deformation event D4, as developed around the pluton (Meneilly 1981, 1982), is 
regarded as being coeval with the emplacement of the granite. Therefore, by making finite 
strain estimates based on the degree of deformation associated with the development of D4 
structures (84 cleavages and F4 folding), it should be possible to quantify the wallrock 
shortening associated with emplacement. The methods used in this process are outlined 
below: 
Restoration of cross sections 
Around the northern section of the pluton (Map 1, Figure 2.18, Clooney Hill to 
Meenalargan area, GR 720980, GR 720010, GR 820010, GR 800960) both Iyengar et al 
(1954) and Meneilly (1981, 1982) detailed the northwards deflection of the country rocks 
and intensification of the folding associated with intrusion of the pluton. In particular 
Meneilly (1981, 1982) demonstrates that these structures are dominantly D4 in age, but 
preserve remnant earlier D213 structures. 
In an attempt to deduce some of the shortening associated with intrusion, an 
interpreted cross section drawn across the maps of Meneilly (1981) (from Maas GR 764980 
to Letermacaward GR 800805) was made (Figure 2.16). This shows a steeply inclined F4, 
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Maas syncline, close to the pluton contact and a northerly facing Mulnamin anticline. Then 
using a marker horizon across the section of Mulnamin calc-silicates (shown in Meneilly 
1982 Figure 5) this section was restored to an original 30" southerly dip. A summary of the 
data is shown below: 
Estimated folded length= 3.3 km 
Estimated unfolded length = 4.4 km 
~ 1.1km of space created 
~ 25 % shortening over 4 km. 
~ Rxz = Ryz = 1.53 (assuming a constant volume shortening) 
These results show that over the measured section 1 km of shortening for the pluton 
may have been accommodated by large scale folding. However, there are a number of 
problems associated with this method: in particular, are the F4 folds merely amplifying F213 
folds (Pitcher & Berger 1972), did the country rocks initially dip weakly to the south before 
intrusion of the granite, the effect of s4 cleavage formation (possible volume loss) in the 
inner aureole and the effects of granite emplacement to the north e.g. Trawenagh Bay 
granite, on the development of D4 structures. 
Figure 2.16, Interpreted cross-section across the north- west aureole of the Ardara pluton GR 764980 to GR 800805 
(after country rock mapping by Meneilly 1981) 
In the light of the problems of quantifying country rock deformation north of the 
pluton, a study of D4 features around the west of the pluton (on the Dawros and Loughros 
peninsulas) was undertaken because this area displays fewer stratigraphical changes than 
elsewhere around the pluton (country rocks are almost entirely the Falcarragh pelite), no 
post-Ardara granite emplacement, and no major regional structures. In addition, the early 
deformation hierarchy is well understood through the work of Cheesman (1952) and 
Meneilly (1982). Three methods were used to assess how the amount of deformation 
changes with distance from the pluton contact: 
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Line rotation 
The maps of all workers in the aureole region (primarily Meneilly 1981, 1982, with 
additional data from Cheesman 1951 and Akaad 1956a, b) were used to produce a principal 
foliation map (Figure 2.17a). This map corresponds to the Sz orientation but, close to the 
pluton these structures are difficult to identify, importantly Pitcher & Berger (1972) 
demonstrate that earlier structures are deflected to become sub-parallel to the D4 of 
Meneilly (1981, 1982) in the 500m closest to the pluton contact. Therefore for the purposes 
of these calculations bedding is taken to have rotated into parallelism to the granite at and 
within 500m of the contact. The principle features of the map are; i) a regional strike 
approximately east-west (around 105"); ii) the development of a foliation 'triple junction', 
point 'T' (GR 690950, Figure 2.17a) with a northwards deflection around a southerly 
plunging antiform and a southwards deflection around a norther& plunging antiform. 
In order to quantify the fmite strain associated with deformation it was assumed 
that any deflection of the regional country rocks occurred as a result of stress applied by the 
expanding Ardara pluton. This deflection represents a strain which can be quantified using 
the equation of Ramsay (1967) (Equation 2.4), where the principc,/ shortening plane (X-
plane) is defined as a circular projection of the pluton margin (Figure 2.17b). In this 
calculation an assumption is made that expansion occurred from an initial magma body 
which had a similar shape to the fmal pluton. 
Equation 2.4, R1. tan 8' ==tan e . Rz 
where R1/R2 is the axial ratio of the strain ellipse, e the angle made with the 
x-axis before deformation and tan e~ the angle made with the x-axis after 
deformation. 
Note: this assumes 2-D deformation, given the entirely flattening nature of 
strain within the pluton, it is reasonable to assume that deformation 
transferred outside the pluton will also be flattening. 
Using this method a dataset was created which details the emplacement induced 
finite strain across the western· side of the aureole (Figure 2.18a, b, symbol=diamonds, 
Table 2.3). In particular, note a decrease in shortening from 70-100% (oo < Rxz < 1.8) within 
500m of the contact (where D4 is most intense) to about 30% (Rxz- 1.2) at 2 km, where the 
deflection of the country rocks as a result of emplacement is at its weakest. Note that this 
dataset shows a high variability in the values recorded. This is a function of the maps used, 
and local variations in the stress field during emplacement caused by the presence of basic 
appinite.s, which have induced heterogeneities into the homogeneously deforming pelitic 
country rock. 
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a) Princirr..! foliation map 
Foliation trace 
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b) Measuring finite strain associated with line deflection during pluton emplacement 
Figure2.17 
Cleavage, folding and thrust development 
Between 750m and 2.5km from the pluton contact, a pervasive 84 cleavage is 
developed. An examination of these _cleavages in thin section suggests that between 20% 
and 50% shortening may have occurred during their formation. A conservative estimate of 
20% is used in all further calculations. 
Throughout this same area F 4 folding is developed which results in additional 
shortening ofthe wallrocks. The shortening associated with this folding has been estimated 
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Table 2.5 Line deflection data for wallrocks around the Ardara pluton 
Distance from Strain % Shortening Distance from Strain % Shortening 
contact/ km contact/km 
0.22 13.38 82.26 0.86 2.20 40.88 
0.22 15.58 83.97 0.86 3.28 54.70 
0.22 14.03 82.81 0.87 15.87 84.17 
0.22 >100.00 95.36 0.87 18.60 85.76 
0.22 15.58 83.97 0.87 7.00 72.67 
0.25 4.40 62.76 0.87 3.78 58.79 
0.25 2.91 50.94 1.06 2.06 38.23 
0.25 1.44 21.58 1.08 1.22 12.46 
0.38 15.31 83.78 1.08 3.21 54.05 
0.38 3.55 57.03 1.08 1.97 36.37 
0.38 3.27 54.61 1.08 1.89 34.58 
0.43 3.26 54.52 1.09 9.30 77.39 
0.43 12.93 81.85 1.09 4.04 60.58 
0.43 4.29 62.12 1.09 2.22 41.24 
0.43 >100.00 95.36 1.09 2.22 41.24 
0.43 3.06 52.56 1.09 13.36 82.24 
0.43 7.24 73.28 1.29 1.39 19.71 
0.44 >100.00 95.36 1.29 1.58 26.28 
0.44 9.43 77.60 1.30 6.61 71.61 
0.44 8.46 75.91 1.30 5.91 69.41 
0.50 5.03 65.94 1.30 4.59 63.79 
0.63 4.83 65.00 1.30 2.30 42.61 
0.63 4.01 60.38 1.72 2.30 42.61 
0.63 2.37 43.74 ~ 1.72 2.74 48.93 
0.65 9.67 77.97 1.72 1.67 28.96 
0.65 1.59 26.59 1.72 1.31 16.47 
0.65 2.04 37.83 1.72 1.38 19.32 
0.65 2.67 48.04 1.72 1.79 32.17 
0.65 6.28 70.62 1.72 5.49 67.87 
0.66 7.26 73.33 1.72 8.93 76.77 
0.66 9.44 77.61 1.72 2.40 44.21 
0.66 7.55 74.01 2.15 1.07 4.41 
0.75 2.44 44.83 2.15 1.77 31.66 
0.75 3.89 59.57 2.15 2.74 48.93 
0.75 4.07 60.77 2.15 4.03 60.51 
0.83 8.50 75.99 2.15 2.36 43.59 
0.83 4.76 64.66 2.15 2.29 42.44 
0.83 4.67 64.21 2.15 2.52 46.00 
0.83 4:07 60.77 2.15 13.35 82.23 
0.85 10.42 79.04 2.15 2.15 39.97 
0.86 1.37 18.77 2.58 1.61 27.20 
0.86 2.93 51.16 2.58 1.68 29.24 
from data collected between Portnoo Harbour and Dumore Head (GR 702995 to GR 688001) 
by D. Hutton (Appendix 4). This results in a composite shortening composed of both 
cleavage development and folding, the resultant shortening was estimated by summing 
these values and is shown by the crosses in Figure 2.18a, b. Additionally, there are a 
71 
.......................................................................................................................................................................................... .!.~.~ .. ~.cc!:~!.~P!.l!:!.?.~. 
number of minor south dipping thrusts which are highly heterogeneous in development, 
notably around Naran Hill (GR 711985), but their throws and pervasiveness are unknown 
and any further shortening related to these features is very difficult to quantify and has not 
been used in this analysis. These data demonstrate shortenings approaching 30% at 1. 7km 
reducing to 20% at 2.5km. 
Folding 
Further westwards from the pluton margin the S4 cleavage is not developed, but F 4 
folds are still common. These F4 folds are open, upright buckle-type folding, measurements 
of the shortening associated with these folds (data from D. Hutton, Appendix 4) along a 
traverse from Rosbeg Harbour to Dawros Head (GR 664971 to GR 636978) have been made 
(symbol=closed triangles, Figure 2.18a, b). These show an obvious decrease in the intensity 
of deformation from 2. 7km to 4km from the pluton contact. 
a) Wallrock finite strain induced by granite emplacement 
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Conclusions 
Collating the information from all the techniques used to quantify the fmite strain 
in the country rocks shows an almost exponential decrease (Figure 2.18a) from very high 
finite strains in the inner aureole (less than 750m from contact) through to minor finite 
strains in the outer rocks 4km from the contact. Examining this data in terms of 
shortening, similarly shows very high shortening in the inner aureole (70-100%) through to 
less than 10% at 4km. This decrease in shortening can be approximated to a straight line. 
Figures 2.18a, b also show the thermal andalusite finite strain data of Sanderson & 
Meneilly (1981): These data always plot below the country rock deflection data because; i) 
thermal andalusites will nucleate slowly, by which time significant deformation may have 
taken place; and ii) andalusites may not nucleate randomly, homogeneously or rotate freely 
during deformation. Hence, finite strain estimates using this data underestimate other 
strain calculations. 
2.3.4 Discussion 
The finite strain accommodated during emplacement of a pluton is difficult to 
determine, a number of methods have been used to attempt to reliably quantify the bulk 
strain/shortening associated with the emplacement of the Ardara granite. A number of 
these results require additional discussion: 
I. Microgranitoid enclave finite strain- The axial ratio trends show increases from the 
'injection point' to the pluton contacts. This is interpreted to be equivalent to the strain 
recorded during emplacement, assuming the enclaves were subspherical before and 
during early stages of emplacement. A number of workers dispute this statement (see 
Fowler & Paterson 1997 for a review), suggesting that the more mafic enclaves would 
freeze on contact with the granite and, at the very least show a significant 
underestimate of the finite strain recorded by the granite. Specifically referencing the 
Ardara pluton, Vernon & Paterson (1993) suggest that the wide variation in enclave 
axial ratio across an outcrop suggests different strain paths, a wide variability in initial 
shape ratio and the general inadequacy of this method of strain measurement. The data 
detailed above demonstrates that the statistical analysis of such enclave populations 
leads to useful and consistent results, with widespread applicability, providing the limits 
ofthe dataset are well understood (see also Brunet al1990). 
2. The Fry method- Using the Fry method of quantifying the emplacement strain in the 
fabric demonstrates that the mafic enclave axial ratios are recording genuine variations 
in the intensity of the magmatic fabric. However in detail there is a wide variability in 
the quality of the data produced by this method which may occur for reasons such as 
fabric heterogeneity during deformation and crystallisation or fabric re-
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setting/recrystallisation. Used with appropriate caution the Fry method can demonstrate 
fmite strain variation across a magmatically deformed pluton. 
3. Inner aureole finite strain - Field observations from the inner aureole suggested very 
high fmite strains in the thermal aureole, the 500m closest to the pluton. This focusing 
of deformation may have occurred as a result of a non-Newtonian, power-law, type 
rheology focusing deformation close to the pluton, possibly as a result of thermal, strain 
or hydrolytic weakening and allows the postulation of extremely high strains in this 
area. 
4. Remainder of the country rock finite strain - Meneilly (1982) demonstrated that 
emplacement related deformation was widely but heterogeneously developed up to 7km 
from the pluton. Through additional foliation deflection measurements and 
interpretations of D4 related shortening fabrics from around the pluton, it has been 
shown that a large amount of shortening was accommodated across this zone (Figure 
2.18a, b). The space creation for the pluton took place over a wide area. 
5. Andalusite strain - Sanderson & Meneilly (1981) attempted to show the finite strain 
recorded due to the rotation and alignment of andalusite porphyroblasts. Their results 
(Figure 2.18a, b symbol= open squares) significantly underestimate the strain recorded 
by the fabric itself, it is postulated that there may be a number of reasons for this; i) 
andalusite nucleation requires energetically favourable conditions, which may not have 
been attained until significant deformation had already taken place; ii) the work of both 
Holder (1979) and Kerrick (1987) demonstrated that andalusites grew in 2 or 3 stages, 
each of which probably changed their associated fabric; and iii) andalusites may not have 
had the initially random alignment as suggested by Sanderson & Meneilly (1981), 
indeed observations suggest that andalusites may show a preferential original alignment 
along S213 (Hutton pers comm). 
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2.4 Shear sense 
A compilation of measured shear senses has been made using country rock, 
magmatic state and solid state granitic shear sense indicators, from coeval deformations. 
The results divide into three zones, described below. A summary plot of the data is given 
below where; Figure 2.19a shows the horizontal plane shear sense, Figure 2.19b shows a 
north-south cross-section through the pluton and Figure 2.19c resolves these shear senses 
into material movement direction. Where the material movement direction is a projection of 
the composite three-dimensional direction that the innermost material would move with 
respect to the outermost. 
a) Granitic and country rock shear senses from XZ I horizontal outcrop plane. 
N 
country 
rock 
'\ 11\11 
Gl G2 
\\ 
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b) North-south cross-section through the pluton showing representative YZ granitic and country rock shear senses. 
Figure 2.19 
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t 
r Arrows represent resultant relative material translation vector of the inner material cf. the out.er material. 
c) Resolving shear sense data into apparent material movement directions 
t 
N 
d) Sketch of average orientations of emplacement related granitic and country rock shear sense indicators 
Figure 2.19 
2.4.1 Western area 
The western area is defined as representing the granite and aureole rock between 
grid references, GR 735010, GR 690010, GR 750900 and GR 690900. 
Granite shear sense 
Granitic shear senses have been measured using tiling fabrics and solid state shear 
sense indicators: These fabrics do not display a lineation, but show a weak sinistral sense of 
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shear (Plate 2.5) in the horizontal plane of outcrop and a weak top to the outside of the 
pluton (west through to north) in the vertical plane. In addition, the outer 50-70m of the 
granite shows intrusion by multiple, later minor appinitic and lamprophyric dykes which 
preserve a sinistral sense of shear (Plate 2.6) along an average plane of 326"/84"E (Figure 
2.20), which suggests an orientation of approximately North, -010" for cra (Figure 2.19d) 
70329569) 
Figure2.20 Contoured stereonet of poles to planes of sinistral intrusive dykes 
Country rock shear sense 
The country rock around the pluton, where deformed by the intensive D, foliation, 
records well developed sinistral shear sense indicators all along the western zone (Figures 
2.21, Plate 2.7). These show an average plane of 136"/72" E, suggesting a cra orientation of 
approximately due North, -ooo· (Figure 2.19d). In association with these strike slip shear 
zones are a number minor thrusts with top to the north directed displacements and 
associated lineations (Figure 2.22a, b, Plate 2.8) 
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70519394) 
pluton (GR 70019653) 
Figure 2.21 Contoured stereonet of poles to planar country rock sinistral shear sense indicators from the 
Western area, Ardara pluton 
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Interpretations 
This area was intensely deformed during the intrusion of the magma. The non-
coaxial shear fabrics show that during emplacement, the material movement direction 
(Figure 2.19c) on the north and northwest sides of the pluton, was directed northwards. 
This is recorded as the extension (least compressive stress) orientation in the country rocks 
and late-emplacement fabrics; around the western side of the pluton the material transport 
direction is directed southwards, which is consistent with country rock deflection fabrics in 
this area (Cheesman 1951, Huttonpers comm). 
a) Contoured stereonet of poles to minor thrust planes 
from around the northern part of the Ardara pluton. 
Figure2.22 
N = 4 C.l. = 2.0 sigma 
b) Contoured stereonet of mineral stretching 
lineations associated with Figure 2.22a 
72910055) 
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2.4.2 Eastern area 
The eastem area is defined as representing the granite and aureole rocks defined by 
the co-ordinates GR 735010, GR 795980, GR 795940 and GR 735960. 
Granite shear sense 
The intrusive phases throughout this area develop no lineation, but record weak 
dextral magmatic state and solid state shear sense fabrics in the horizontal outcrop plane 
(Plate 2.9) (Figure 2.23). In the vertical plane, perpendicular to foliation, they record top to 
the north-northeast material transport. There are no syn-magmatic intrusive features 
(cross-cutting appinite or lamprophyres) in this area. 
Country rock shear sense 
Country rock fabrics record weak top to the north directed thrusting (Plate 2.8, 
Figure 2.22a, b) and a dextral shear sense with an average plane orientated 110"178" S 
(Plate 2.9, Figure 2.23), which suggests an orientation of approximately -335" for 0"3 (Figure 
2.19d). 
Figure 2.23 Contoured stereonet of poles to planar dextral fabrics from the Eastern area, Ardara pluton 
Interpretations 
During granite emplacement there was intense non-coaxial deformation which 
resulted in dextral shear fabrics and top to the north directed thrusting, defining 
northwards and outwards material movement directions (Figure 2.19c). These define the 
local extension axis (least compressive stress) as being orientated approximately northwest 
to north-northwest. 
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country rock fabric from the Eastern area, Ardara pluton (GR 75879906) 
Plate 2.9 
2.4.3 Southern area 
The southern area is defined as representing the granite and country rocks along 
the southern contact zone between the co-ordinates GR 730915, GR 810960, GR 830940 and 
GR 730900. 
Granite shear sense 
The intrusive phases along this contact preserve a sinistral magmatic sense of shear 
(Figure2.19a, b, c), which has been overprinted by a lower temperature (-3oo·c using the 
criteria of Passchier & Trouw 1996), solid state sinistral shear, with a sub-horizontal 
lineation (Figure 2.24) which displays a variable vertical transport direction (Figure 2.19b). 
This solid state deformation (Plate 2.10) becomes more intense towards the village of 
Glenties, where a high intensity, gneissic, solid state fabric , with rare highly deformed 
apophyses and xenoliths of the Main Donegal Granite may be preserved. Deformation in 
the magmatic state is correlated with intrusion of the pluton, but the lower temperature 
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solid state deformation is associated with continued movement along the bounding shear 
zone during intrusion ofthe later Main Donegal Granite (Hutton 1982a). 
Country rock shear sense 
The country rock is generally poorly exposed throughout this area, but when 
structures can be observed, they consist of partitioned zones of either; a) intense sinistral 
shear with a low angle lineation (Figure 2.24); or b) zones of pure shear with upright, 
folding verging weakly to the north (Plate 2.11). 
Interpretation 
These are all features consistent with a local regional sinistrally transpressive 
shear zone, which was active during and post-emplacement of the Ardara pluton, both 
within and without the granite itself. 
Plate 2.10 Sinistral solid state deformation from the Southern area, Ardara pluton (GR 79539223) 
N = 9 C.l. = 2.0 sigma 
Figure 2.24 Contoured stereonet of mineral stretching lineations from the Southern contact area, country 
rocks and granite, Ardara pluton. 
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Plate 2.11 Steep folds verging weakly northwards from the Southern area, Ardara pluton (GR 75439081) 
2.4.4 Central area 
The central area comprises of the remaining parts of the granite pluton, and is 
considered to be the phases G2 and G3. 
Granite shear sense 
The fabric in this area has been formed entirely in the magmatic state, but has a 
very low intensity and hence shear sense determinations are difficult to obtain (Figure 
2.19a, b, c). The results obtained demonstrate weak sinistral shear in the horizontal plane, 
and occasionally developed very weak top to the north directed transport in the vertical 
plane. 
Interpretations 
The material movement directions estimated from these fabrics (Figure 2.19c) 
demonstrate lateral expulsion of material from a central supply zone during a regional 
sinistral shear: This deformation of G2 and G3 was partitioned from the outer phase, G 1. It 
is suggested that this partitioning took place because G 1 was already partially solidified 
during the emplacement of G2 and G3 and probably more closely coupled to deformation in 
the country rocks. 
2.4.5 Cross-cutting foliations 
The maps (Figure 2.8 and Map 1) show that the granitic fabric often cross-cuts the 
internal intrusive phase contacts. Vernon & Paterson (1993) and Paterson & Vernon (1995) 
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suggest that these cross-cutting fabrics are indicative of a post-emplacement overprinting 
externally originating i.e. regional tectonic, fabric. The shear sense data collected for this 
thesis across the pluton demonstrates sinistral deformation along the west side, dextral 
deformation across the east side and the composite nature of deformation during 
emplacement. During this type of deformation the foliation will form in an orientation 
which is a controlled by the proportion of magma induced pure shear stress and simple 
shear stress due to the northern directed expansion. In order to induce an obliquity of the 
5;,.q_Je.-. 
magnitude observed ( -10-15"), the appliedl\shear stress needs to be 4% of the magnitude of 
the pure shear stress, assuming an instantaneous applied force. 
A pluton whose emplacement is controlled entirely by internal magma forces, which 
are coaxial in the country rocks should produce a concentric fabric, coincident with the 
internal phase boundaries. However a pluton which expands preferentially in a single 
direction i.e. northwards in the case of Ardara, will induce a component of simple shear in 
the country rocks and will form a fabric which is orientated to reflect this, i.e. perpendicular 
to 0'3 (Figure 2.25)_ 
Combination pure shear 
and sinistral simple shear 
Sinistral simple shear 
b) Dextral and sinistral shear 
a) Pure shear 
~ Pure shear 
Combination 
and dextral 
pure shear 
simple shear 
Dextral simple shear 
c) Combination pure and simple shear. 
Figure 2.25 Oblique fabric development during non-coaxial shear 
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2.4.6 Conclusions 
The weak shear sense fabrics analysed above record the relative movement of 
magma and rocks during emplacement. These fabrics describe the lateral transport of 
magma from the centre of the pluton to the edges and country rock deformation which was 
strongly coupled with magma transport and expansion. Locally the stress field was 
determined by the intrusion of magma but the controlling effect of the regional sinistral 
transpressional shear zone along the southern contact can be seen in many localities 
deformed in the magmatic state. This demonstrates that this shear zone was active before 
the intrusion ofthe younger Main Donegal Granite. In addition the fabrics demonstrate the 
overprinting nature of deformation related to the emplacement of the Main Donegal 
Granite. 
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2.5 Modelling emplacement 
The emplacement of the pluton has been modelled using the measured finite strain 
markers (mafic enclaves, Fry strains) to attempt to constrain the relationship between 
emplacement volume (volume currently occupied by the pluton) and the space created 
(volume of pluton which is accounted for through strain measurements). The emplacement 
volume is modelled as a sphere 8km in diameter (pluton volume = -265 km3): a shape 
estimate which is consistent with the flattening nature of the deformation, and the 
available geophysical interpretations (Young 1966). This however may not completely 
reflect the shape of the true pluton because of the influence of the 'tail'. 
2.5.1 Country rock finite strain 
Part 2.3.3 has already described in detail the strain/shortening accommodated as a 
result of pluton emplacement within the country rocks. In this section the country rock data 
will be interpreted in terms of the emplacement of the pluton. Figure 2.18a, b show the 
shortening/strain across the aureole, with approximately 80% shortening at the contact and 
negligible finite strain at 4km: the variation in shortening across the aureole can be 
approximated to a straight line. 
The pluton is 4km in radius and therefore assuming a spherical shape for the 
intrusive body and intrusion from approximately the centre of this body, 4km of shortening 
in the wallrocks has taken place. The location of the 'injection point', identified in fabric 
intensity and fmite strain determinations is between 3 and 4km from the western pluton 
contact and therefore, an average of 50% shortening should be accommodated across the 
whole aureole. 
Examination of the line in Figure 2.18b, shows that for approximately 80% 
shortening at the contact and 0% at 4km, the average would be 40% over the aureole, 
thereby suggesting that the country rock has accommodated, through quantifiable means 
the majority of the pluton volume. The error on this determination is significant because of 
the high variability in the dataset and shortening sufficient to accommodate the entire 
pluton (average 50%) is within the data distribution identified in Figure 2.18b. A 40% 
average shortening suggests an initial pluton radius of 1.3km or less. 
2.5.2 Granitoid strain 
The granitoid strain measurements that were detailed in Part 2.3, have been 
integrated here in an attempt to quantify the amount of expansion that would be required 
to induce the observed strains. The Ramsay (1989) balloon model is used which assumes 
balloon-like inflation of a spheroidal body, a model which is consistent with the nature of 
finite strain induced (the derivation of the method is outlined below): 
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When an ideal spherical enclave is incorporated and deformed on the 
surface of a sphere at constant volume, it will mimic the deformation 
experienced by the spherical surface. Therefore, if the sphere expands from 
a radius r to a radius r+8r, the surface area changes from 4nr2 to 2n(r+8r)2. 
The axial lengths of the enclave will change from x to x+8x, y to y+8y and z 
to z+8z. Projecting this to the 2 dimensional plane, containing the x and z 
principle axis of the enclave; the circumference changes from 2nr to 2n(r+8r) 
and the axial length from x to x+8x, hence: 
(r+Dr)l r = x+8x I x 
but deformation occurs at constant volume :. 
(x+8x)2.(Z+8z) = 1 assuming flattening strain 
hence the enclave axial ratio becomes : 
(x+8x)I(Z+8z) = (x.((r+8r)lr)3 
scaling up shows that : 
Xrl Zr =(X;.( rrl r; )3 
where Xr I Zr is the final axial ratio, and rr is the final radial distance and r; 
the initial axial distance and X; = 1, for spherically injected enclaves :. 
Equation 2.5, Rr = ( rr In )3 
where, Rr is the final axial ratio. 
This method is similar to that applied by Holder (1979), except in this analysis all enclaves 
have a magmatic, not meta-sedimentary origin. X; represents the point at which they were 
injected/incorporated into the deforming magma, rather than the 'freezing surface' 
deformation envisaged by Holder. 
The contoured finite strain maps for both mafic enclaves and Fry strains (Figures 
2.14a, b , 2.15a, b) demonstrate concentrically increasing finite strain from the centre of the 
pluton to the contacts. The low finite strain centre of the pluton has been identified from 
fabric and finite strain measurements (Part 2.2 , 2.3), and a nominal injection point 
recognised in the region of the Moolagh townlands. In the analysis this 'injection point' is 
defined as a point, Ro where magma is supplied. In order to calculate the incorporation 
point of each finite strain measurement, R;, the radial distance, Rr of each population from 
Ro is calculated. Then, using equation 2.5, the average incorporation point for this locality 
can be established, R; (Figure 2.26). This point is average because it is likely that enclaves 
within the measured populations will have multiple similar but in detail different strain 
paths. 
The process is repeated for each locality measured, and the point of incorporation is 
plotted, assuming a radial strain path from the injection point (Figure 2.27a, b). When all 
localities have been migrated back to their incorporation points, an estimate of the original 
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shape of the pluton was made using a nearest neighbour interpolation. A geometric mean of 
the incorporation points and pluton volume estimates based on a spherical pluton are also 
made at this point. 
·~ x/!~R,=l 
Figure 2.26 Migration of finite strain measurement to their incorporation point 
Microgranitoid enclaves 
Table 2.6 and Figure 2.27a show that the enclaves were incorporated in a small 
initial pluton approximately 2km in radius which subsequently expanded its volume by 
around 90%. 
Table 2.6 Migrated finite strain measurements. 
Migrated mafic enclave Migrated Fry strain 
finite strain 
mean radius I km 1.93 mean radius I km 2.16 
St. Dev. 0.82 St. Dev. 0.93 
Initial pluton volume I km3 30 Initial pluton volume I km3 42 
Final pluton volume I km3 268 Final pluton volume I k.m3 268 
% ballooning volume 89 % ballooning volume 84 
Fry strain 
Table 2.6 and Figure 2.27 show that the Fry strain records the formation of a 
deforming fabric from an initialpkrr.Ji,__.\o{2.1km which subsequently expanded resulting in 
a volume increase through ballooning of 84%. 
Discussion 
This migration process demonstrates the injection of magma into a small central 
pluton, which subsequently expands in-situ to accommodate the majority of the pluton 
volume. Some additional points are dealt with in more detail: 
1. Statistical variation - There is significant variation in the calculated point of 
incorporation and in the calculated finite strain value, which could result in the initial 
pluton size being significantly larger, around 3km, or smaller, less than lkm. 
2. Underestimating strain - Earlier (Part 2.3), the possibility of fabric re-setting and 
mafic enclaves underestimating the induced strain was discussed. If this were the case, 
the initial pluton size would be significantly smaller than the estimate made above. 
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Therefore the estimate above is probably an upper limit for the size of the original 
pluton. 
a) Migrated mafic enclave strains 
• Original pluton size 
% Ballooning= -89% 
b) Migrated Fry strains 
• Original pluton size 
% Ballooning = -84% 
Figure 2.27 Migrated finite strain measurement, interpolated to display original pluton shape 
2.5.3 Nature of the early pluton 
An initial pluton of less than 2km in radius is still a significant magmatic body, 
33km3 in volume. As all relevant country rock structures are heavily overprinted and few 
magmatic features remain from this time no interpretations can be made. It is important to 
observe that all plutonic phases, G 1, G2 and G3 migrate their finite strain measurements to 
approximately the same point: This means that the incorporation point represents the point 
at which the enclaves where either injected or began to deform and the point at which the 
fabric was coherent enough to deform and register a Fry strain. 
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On this basis the magma can be envisaged as being injected at or close to the 
'injection point' as a homogenous, low viscosity, high melt fraction magma, probably 
containing sub-spherical mafic enclaves. This magma was translated laterally due to 
subsequent magma injection, crystallised and cooled, until it was sufficiently viscous to 
develop a fabric (around 2km from the injection point). Strain is then recorded in the fabric 
and strain markers. 
2.5.4 The 'space problem'? 
The analysis above shows that a minimum of 2km of in-situ expansion equivalent to 
more than 80% of the volume of the pluton, took place within the granite and that at least 
3km of shortening took place in the country rocks. These are minimum estimates of the 
space created and are based on the simple models described above. 
Many workers have discussed whether the country rocks around granite plutons 
preserve adequate deformation to accommodate pluton emplacement. While there is often 
possible evidence for roof uplift/vertical translation (Morgan 1995b) at high crustal levels, 
and tectonic space creation (see Section 3), there is no evidence around or within Ardara to 
support these processes of emplacement. In the case of the Ardara granite the solution 
presented here is the best possible solution within the constraints of the data accuracy. This 
pluton is probably not unique and there are other granites where granite and country rock 
preserve fabrics which can account appropriately for their 'space problem'. 
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2.6 Diapir or balloon ? 
The respective definitions of the terms diapir and balloon were detailed in Chapter 
1. The most important distinction being that a diapir must rise as a mass through the crust 
emplacing itself as a globular body, whereas a balloon must grow or inflate at the 
emplacement site. While this distinction is conceptually simple, determining whether a 
pluton is a balloon or a diapir in the field is more complex. 
There are a number of obvious similarities between balloons and diapirs; both are 
sub-circular; contain a concentric fabric; concentrically deform the wallrock; and given an 
appropriate initial country rock orientation can produce a rim syncline in the surrounding 
rocks. Since a diapir must move up through the crust, and given that the pluton is 
magmatic and at least partially coupled to the surroundings, a diapir should show pluton-
up kinematics everywhere and steep, well-developed lineations (England 1990). In addition 
the modelling work of Schmeling et al (1988) and Cruden (1988,1990) showed that if a 
diapir ascended more than one body diameter, a circulation would be induced which 
produces several distinct features; i) an internal zone of strong vertical prolate finite 
strains; ii) an overlying crestal zone of weak flattening strains; iii) at the pluton equator 
O<K<l finite strains with sub-horizontal x-axes and pluton up kinematics (vorticity axis = 
x); and iv) a characteristic circular zonation of marginal granites petrologically identical to 
the core. 
On the other hand a balloon will display concentrically increasing strains, no 
pluton-up kinematics, no lineations and K=O type strains everywhere. However there exists 
a grey area between these two end-members, where both diapiric balloons, and ballooning 
diapirs might occur (Bateman 1984, Brun et al 1990, England 1988, 1990). Therefore using 
the criteria described above and applying them to the Ardara pluton it is possible to say 
that: 
1. There are no macroscopically identifiable stretching lineations in the pluton, nor do the 
princi~l strain ratios at any locality indicate the presence of such a predominant 
elongation axis with K-values very close to zero (except where associated with externally 
applied tectonic strains). 
2. There is no zonation of marginal granites petrologically identical to the core, but rather 
a simple normal petrological zonation. Notably Paterson & Vernon (1996), suggested the 
normal zonation was produce by the intrusion of three nested diapirs. But such a 
scenario implies (from the diapiric criteria), i) an internal petrological zonation within 
each unit, and ii) the presence of complex fmite strain gradients and variable K-values 
with and without each petrography unit. None of these features are observed. 
Nevertheless the Ardara balloon does possess some of the features associated with 
diapirism. We have identified from syn-magmatic shear sense indicators a slight component 
of uniaxial movement obliquely upwards to the north. The small magnitude of this 
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component over the other radial directions can be judged by the fact that there is no 
measurable or observable lineation associated with this. Therefore the Ardara pluton is 
predominantly a balloon which has expanded slightly more in one direction than in any 
other. In terms of the definitions which we have given it lies in the grey area between 
diapirs and balloons, but very close to the field of true balloons. 
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2. 7 Emplacement and deformation 
2.7.1 A sequence of events 
Vernon & Paterson (1993) suggest that the pluton was emplaced and subsequently 
pervasively overprinted by a later deformation. The field observations suggest that the 
pluton was emplaced in the following sequence: 
1. Initial scenario - Deformed southerly dipping Dalradian country rocks are cut by a 
sub-vertical sinistrally transpressive shear zone. This shear zone swings from northeast-
southwest trending to east-west trending, where it becomes less defined and bifurcates 
(Figure 2.28a). This is consistent with the restoration of Donegal before emplacement of 
the granites (Hutton & Alsop 1996). 
2. Initiation of ascent/emplacement - This swinging of the shear zone produces local 
transtensional jogs, low pressure sites which can be preferentially exploited by any 
crustal fluids i.e. magmas. The influence of a sub-north-south trending deep crustal 
lineament (Hutton & Alsop 1996) may assist emplacement at this site through the 
focusing and sheeting of magma along crustal weaknesses (Jaques & Reavy 1994, 
Petford et al. 1993).(Figure 2.28b) 
3. Granitic magma source - From the outcrop features it is not possible to make many 
interpretations of what the magma source consisted of, except to remark that there was 
inhomogeneous mixing of a basic magma with the felsic components on a number of 
scales; producing the large microgranitoid enclaves and smaller mafic 'clots' of G2. In 
addition the pluton is known to be a Caledonian 1-type pluton, sourced from a mantle of 
radiogenically young continental crust which was at least weakly contaminated with 
crustal sources (Demsey et al1990). 
4. Emplacement of Gl - Once magma ascent has been initiated it travels up a conduit, 
until it reaches a rheologically or buoyancy favourable structural level and begins to 
expand laterally. Aureole deformation may be preferentially enhanced by hydrolytic 
weakening of the country rock through fluid expulsion from crystallising magma and the 
metamorphosing aureole. Away from the pluton deformation is common but 
heterogeneous in development. Emplacement and deformation took place in the 
magmatic state but, where heat was lost to the surrounding cooler country rocks, solid 
state fabrics were formed. 
5. Emplacement of G2 and G3 - Mter G 1 had achieved a degree of solidity, sufficient to 
preserve its integrity, but insufficient to prohibit magmatic state deformation or contact 
dyking, granite phases G2 and G3 were intruded. Contact relations suggest that they 
were rheologically similar during their emplacement and may have been injected in 
rapid succession. These phases also had a high magma fluid pressure, sufficient to 
continue deformation of the country rock in such a way that the country rocks and G 1 
were deformed in response to a local lateral transport deformation matrix: G2 and G3 
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were de-coupled, displaying fabrics and fmite strains related to lateral expansion but 
non-coaxial shear fabrics related to the regional sinistral deformation matrix. Intrusion 
and deformation of G2 and G3 took place entirely in the magmatic state (Figures 2.28c). 
Continued sinistral movement of the southern shear zone during the emplacement 
process resulted in the pluton 'tail'. 
6. Intrusion of the Main Donegal Granite - After cooling and crystallisation of the 
Ardara pluton the Main Donegal granite was emplaced, resulting in heterogeneous 
reactivation of the southern shear zone. This corresponds to a solid state deformational 
overprint of the 'tail' and southern contact portion of G 1. 
7. Subsequent deformations- Later deformation events in the remainder of Donegal did 
not significantly affect the Ardara pluton or its surroundings. 
2. 7.2 Pluton shape 
The pluton is sub-circular with a pronounced 'tail'. The circular shape can be 
accounted for in a number of ways e.g. rise of a spherical diapir, in-situ ballooning, stoping 
around a major magma conduit. The origin of the 'tail' is less simplistic to explain; Akaad 
(1956a) described it as part of a 'diapiric stalk', which was overprinted by later deformation, 
whereas Hutton (1982b) suggested that the 'tail', was formed by deformation of an 
originally circular diapiric structure during post-emplacement regional sinistral shear. By 
examining structures around the tail it is possible to see that deformation is much more 
intense on approach to the contact with the Main Donegal granite and the Meenalargan 
complex than elsewhere within the pluton. The deformation occurred at a lower 
temperature (estimated at 300-400"C), producing recrystallised ribbons of quartz, 
recrystallised biotite and brittle deformation, core and mantle structures in feldspars. In 
outcrop the fabric in this area has a gneissic to mylonitic texture. This solid state 
deformation which is at least in part over-printing is correlated with intrusion of the Main 
Donegal Granite. 
Traversing away from the south-southeastern part of the pluton towards Lough 
Ananima (GR 795945) deformation is magmatic and not overprinted. This part of the pluton 
is still elongated towards the northeast which suggests that some sort of 'tail' existed before 
the emplacement and overprinting effects of the Main Donegal Granite. This is consistent 
with ascent along a bending shear zone related conduit, which would preferentially supply 
magma along strike into the zone of greatest dilation, but would also inject magma into 
zones oflesser dilation along strike. 
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c) Intrusion ofG2 and G3, magma supply from lineament intersection at depth 
Figure 2.28 Block diagrams showing the intrusive sequence of the Ardara pluton 
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2.8 Conclusions 
The Ardara pluton is a 3-phase, 8km diameter, sub-circular pluton, emplaced into 
Neoproterozoic Dalradian sediments at mid-crustal levels. Emplacement related 
deformation is recorded in the magmatic and country rocks and shows: a steeply inclined 
concentric foliation; a country rock fabric sub-parallel to the pluton contact; a shear zone 
along the southern contact; concentrically flattening magmatic strain fabric which increases 
in strength towards the contact; non-coaxial northwards directed expansion; and country 
rock strains which are intense at the contact and extend up to 4km from the contact. 
Using this data and applying a simple ballooning model for in-situ expansion 
(Ramsay 1989), the measured fmite strains can be migrated back to their incorporation 
points. This demonstrates the existence of a small initial pluton which expanded to create 
more than 80% of the fmal volume. Quantifying the finite strain recorded in the country 
rocks demonstrates that at least 3km of shortening has been accommodated across the 
western side of the pluton, which is consistent with space creation estimates made from 
strain markers. 
These conclusions demonstrate that: i) this pluton was not emplaced by diapirism 
(Vernon & Paterson 1993, Paterson & Vernon 1995); ii) the feasibility of an in-situ 
expansion ballooning model; and iii) the importance of an integrated study of pluton and 
country rocks to understand granite emplacement. 
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SECTION3 
Granitoid emplacement in the Rio Paraiba do Sui 
shear belt, SE Brazil 
"Within this country of ours there are two nations: between 
whom there is no intercourse and no sympathy; who are as 
ignorant of each other's habits, thoughts, and feelings, as if 
dwellers in different zones or inhabitants of different planets; 
who are formed by different breeding, are fed by different 
food, are ordered by different manners, and are not governed 
by the same laws"- Disraeli, 1845 
Regional introduction: The Rio Paraiba do Sul shear belt 
······························································································································································································································· 
Chapter 3 
Regional introduction: The Rio Paraiba do Sui 
shear belt 
3.1 Introduction 
The purpose of this chapter is to describe the regional background to the granitoid 
plutons have been studied in south east Brazil. These plutons have been emplaced into the 
Rio Paraiba do Sul shear belt (RPSSB) (Ebert et al 1991) during the Late Precambrian-
Gar0 Ordov;Gicm __ Brasiliano-Pan African orogeny (Almeida et al 1973, Cordani et al 1973). The 
RPSSB is part of the larger Ribeira orogenic belt (Almeida et al 1973), which stretches 
along the eastern seaboard of Brazil, from Salvador in the north to Curitiba in the south. 
Field analysis of each of the plutons, and integration of this information to gain a 
regional perspective, facilitates an understanding of; i) the emplacement process; ii) the pre-
' syn- and post-emplacement tectonics; and more generally iii) additional information on the 
dynamic relationship of granitoids in general orogen evolution. 
3.1.1 Location 
The study area is situated in Sao Paulo state, south east Brazil (Figure 3.1a, b, 
3.4b), between 23"S and 23"35'S and 45"30'W and 46"45'W; about 70km north of Sao Paulo 
City, between Campinas and Sao Jose dos Campos. Sao Paulo state is the most 
economically developed and populous state in Brazil. It is easily accessible with good 
quality roads and well-maintained dirt tracks into the hinterland. 
Geomorphologically the area is part of the western Serra Mantiqueira, which forms 
an elevated (400-1200m altitude) region of hills and valleys, from the Atlantic coast in the 
east to the flank of the Parana basin in the west. In general the vegetation consists of 
grazing land, scrubland and managed forestry plantations, with occasional pockets of 
pristine 'Matta Atlantica' rainforest. 
Throughout this part of Brazil outcrop is relatively sparse (<10%) consisting of 
hilltop exposures, large boulders (which are close to in-situ as a result of the absence of 
glaciation), road cuts and river sections. Most outcrops display strong tropical weathering, 
making mineralogical and deformational observations usually difficult in the field. Despite 
this the majority of preserved structural data can be measured. 
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3.1.2 An historical perspective 
As a result of its relative accessibility and proximity to the largest geological 
research institutes in Brazil, the Ribeira belt (Figure 3.1, 3.3) has been the object of 
extensive previous study. Only recently has this work begun to be published in 
international English language journals. As a result a detailed understanding of the 
geology of the region can only be gained through the study of conference proceedings, 
papers and theses, available only in Brazil and written in the Portuguese language. 
The first geological observations on the southeast portion of Brazil were made in the 
nineteenth century during natural history expeditions to South America. The most notable 
of these was the work of Derby (1878, 1906), who remarked upon the deformed and 
metamorphosed nature of the Ribeira belt rocks relative to the undeformed older sequences 
present further north. It was not until the establishment of local geological institutes that 
the task of mapping and interpreting the whole continent was undertaken. Of particular 
note was the work of Rosier (1957, 1965) and Ebert (1968), who presented tectonic 
summaries of the Mantiquera province (the eastern seaboard of Brazil) (see review by 
Hasui & Oliveira 1984). These early workers suggested that this province consisted of 
juxtaposed metamorphosed basinal sedimentary terrains and cratonic fragments, 
incorporated into a northwest verging Alpine-type nappe structure, which was cross-cut by 
later faults. The work of Almeida et al (1973) and Cordani et al (1973), who documented the 
lateral continuation and consanguinity of deformation, led to the suggestion that Brazil 
consists of ancient continental shields whose margins were deformed during a late 
Precambrian orogeny, the Brasiliano orogeny. 
In recent years the task of mapping the entire region at a scale of 1:50,000 has 
approached completion. This has elucidated elements of the stratigraphy, deformation and 
metamorphic history (see Campos N eta et al 1983, Oliveira et al 1985 and Theodorovicz et 
al 1990 in the study area). This shows that in general the Ribeira belt consists of ancient 
cratons, or tectonic blocks (the Sao Francisco craton to the north, Rio de la Plata craton to 
the south and west and the Mrican, Congo and Kalahari cratons to the east) (Figure 3.3). 
These are surrounded by orogenic belts i.e. the Ribeira belt; of highly deformed 
metamorphic cratonic fragments and meta-volcano-sedimentary sequences of variable 
grade, cross-cut by faults and shear zones of various ages. 
Using these data, and the results of many more detailed investigations (see 
Tassinari 1988, Melhem 1995 and Morais 1996 in the study area), a number of tectonic 
models have been presented for the area (Brito Neves & Cordani 1991, Tommasi et al1994, 
Campos Neto & Figuereido 1994, Ebert et al 1996 and Ebert & Hasui in press). Each of 
these models (which differ in detail and complexity) describes the orogenesis occurring 
during formation of Gondwana as a result of the late Precambrian collision of cratons (or 
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tectonic blocks). This collision, the Brasiliano orogeny, was associated with crustal 
thickening, metamorphism and extensive granite emplacement. 
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3.2 The geology of Brazil 
This portion aims to describe current understanding of the geological evolution of 
Brazil, and more generally the South American continent. 
3.2.1 The Precambrian 
Brazil is composed of: i) Precambrian cratons (granite-gneiss terrains); ii) Late 
Precambrian 'Brasiliano' orogenic (mobile) belts; which are overlain by iii) Palaeozoic 
volcano-sedimentary basinal cover sequences (see Almeida & Hasui 1984 and Pinheiro 1997 
for a review). There are five major Precambrian cratons: i) the Amazonian craton; ii) the 
Sao Luis craton; iii) the Sao Franscisco craton; iv) the Rio de la Plata craton; and v) the 
Tandilla and Sierras Australes cratons (Figure 3.2a). As well as a number of smaller areas 
of exposed basement: i) the Goias massif; ii) the Pernambuco Alagoas massif; and iii) the 
Guaxuape massif (Figure 3.2a). 
These cratons and associated fragments preserve Archaean and Proterozoic 
volcanic, sedimentary and orogenic sequences, which help to define geochronotectonic 
sequences (Table 3.1). The last of these sequences, the Brasiliano sequence, forms the 
current structural boundary of the older cratons in south and central Brazil. 
Table 3.1 Brazilian Precambrian geochronotectonic cycles (after Pinheiro 1997) 
Chronometric subdivision used in Brazil Brazilian Tectonic Cycles 
(Almeida & Hasui 1984) (Almeida et al 1976) 
Late Proterozoic (1000-650/550Ma) Brasiliano Cycle (1000-500Ma) 
Middle Proterozoic (ca. 1800-1000Ma) Uruacuano Cycle (>1500-1000Ma) 
Early Proterozoic (2500/1750Ma) Transamazonian Cycle (2000±200Ma) 
Late Archaean (3000-2500Ma) Jequie Cycle (2700±100Ma) 
Early Archaean (>3000Ma) Guriense Cycle (>3000Ma) 
3.2.2 The Brasiliano orogeny 
The Brasiliano orogeny (Almeida et al 1973, Cordani et al 1973) is generally 
regarded as the continental collision of cratonic blocks during the Upper Proterozoic and 
the Cambrian (Almeida 1978, Ebert et al 1996). However some authors regard it more 
broadly as an entire Wilson cycle, which began at 1000-700 Ma with the extension and 
break-up of an early continent, followed by the deposition of extensive basinal and passive 
margin sediments, before the onset of subduction at 750-600Ma and collision at 600-450Ma 
(Hasui et al 1978, Fernandes et al 1992). 
Simplistically, there are four Brasiliano orogenic belts (Figure 3.2a); i) the Araguaia 
belt in northeast Brazil; ii) the Brasilia belt in Central Brazil; iii) the Dom Feliciano belt in 
southern Brazil and Uruguay; iv) the Aracuai belt in eastern Brazil; and v) the Ribeira belt 
in southeast Brazil. Within each of these belts there is additional internal complexity for 
example, Ebert et al (1991) subdivided the Ribeira belt to define the Rio Paraiba do Sul 
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shear belt (RPSSB), in Sao Paulo, Minas Gerais and Rio de Janerio states (Figure 3.2b) 
(Ebert et al 1993a, b, 1996, 1997, Ebert & Hasui 1992, Harlyi & Hasui 1982). Importantly, 
despite their geographical dispersion, each of these five major orogenic belts, have been 
described as preserving a similar chronology; i) 1000-900Ma, extension, sedimentation and 
volcanism associated with continental break-up and possible mantle plume influence (Hasui 
et al 1982, Pedrosa-Soares et al 1992, Correa-Gomes & Oliviera 1997); ii) deposition of a 
volcano-sedimentary passive ·margin sedimentary sequence (Ebert 1968); iii) onset of 
subduction, which was west to north-westwards directed at 750Ma (Pedrosa-Soares et al 
1992, Fernandes et al 1992) to 650Ma, (Ebert et al 1996); iv) crustal anatexis and peak 
metamorphism; v) intrusion of late tectonic granites at 600-550 Ma (Hasui & Almeida 1984, 
Brito Neves & Cordani 1991, Janasi & Ulbrich 1991, Pedrosa-Soares 1992, Pimental et al 
1996, Ebert et al 1996, this work); and vi) post-tectonic/arc collision (?) and granite 
intrusion at 500-450Ma (Janasi & Ulbrich 1991, Campos Neto & Figuereido 1994). 
3.2.3 Relationship to the Pan-Mrican. 
The west of the present African continent preserves a cratonic arrangement similar 
to that described from South America. There are ancient cratons (the Kalahari, Congo and 
West African) surrounded by late Proterozoic orogenic belts (the Damara-Kaoko, West 
Congolian and Dahomeyan belts) (Porada 1989) (Figure 3.3). 
The similarities to the mobile belts of South America are as follows: i) !hat the 
timing and type of metamorphism-igneous intrusion (compare the studies ofTassinari 1988, 
Campos Neto & Figuereido 1994 to that of Kroner 1982); ii) the foreland sedimentation 
patterns (Gneisse et al 1996) is similar; and iii) the relative positions of these cratons was 
unchanged from around 1Ga through to the Palaeozoic. These observations have been used 
to demonstrate that what is now South America and Africa were fused together in 
Gondwana during the late Proterozoic Brasiliano-Pan African orogeny (see Torquato & 
Cordani 1981). 
3.2.4 Palaeozoic and Mesozoic 
The Precambrian and Brasiliano basement is commonly overlain by extensive 
Palaeozoic and Mesozoic extension-related, volcano-sedimentary sequences: i) the 
Amazonian basin, overlying the Amazonian craton; ii) the Parnaiba basin, in northeast 
Brazil; and iii) the Parana basin, which covers western Brazil and parts of Paraguay, 
Uruguay and Argentina (Figure 3.2a). These basins were formed due to late Palaeozoic and 
Mesozoic extension, associated with the break-up of Gondwana and the opening of the 
Atlantic ocean (Nurnberg & Muller 1991, Chang et al 1992). In addition, there are a few 
preserved fragments of Early Palaeozoic foreland basin sequences (Gneisse et al 1996), 
whose source was the eroding and uplifting Brasiliano orogenic belt. 
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3.3 Geology of the Rio Paraiba do Sul shear belt 
3.3.1 Introduction 
As described above, the Brasiliano Ribeira Belt has been subdivided to include the 
Rio Paraiba do Sul shear belt (RPSSB). To the north the Aracuai belt records the 
approximately orthogonal collision of the Congo and Brasiliano cratons (Pedrosa-Soares 
1992, Cunningham et al1996 and references therein). Further south lies the Dom Feliciano 
belt, which records the transpressional collision between the Kalahari and Rio de la Plata 
cratons (Fernandes et al 1992, Tommasi et al 1994) (Figure 3.4). 
Between these two belts lies the RPSSB, which records the compressional 
interaction of three tectonic blocks, the limits of which have been defined geophysically 
(Haralyi & Hasui 1982): i) the Sao Paulo plate, which comprises part of the Rio de la Plata 
craton (whose outcrop is overlain by the Palaeozoic Parana basin); ii) the Borborema plate, 
comprising the southern extension of the Sao Francisco craton; and iii) the Vitoria plate, 
which consists of the preserved fragments and the rifted-off portions of a larger plate, the 
Congo craton and its surrounding orogenic belts (Ebert et al 1991, 1996, Ebert & Hasui in 
press). 
3.3.2 Stratigraphy 
As a consequence of the metamorphic grade, the sparsity of outcrop and the tropical 
weathering, the stratigraphy of this area is difficult to map and interpret. Detailed 
summaries of the stratigraphy are found in Campos Neto et al (1983), Oliveira et al (1985) 
and Theodorovicz et al (1990). Generally, the stratigraphy can be summarised in terms of 
deformed and metamorphosed volcano-sedimentary sequences, divided into domains by 
inter-continental shear zones. These sequences, although highly deformed, have been 
recognised as being either original Archaean-Proterozoic cratonic fragments or as passive 
margin-basinal sequences deposited on cratonic margins during Proterozoic times (Hasui & 
Olivera 1984). In this work the stratigraphic domains set up and described by Tassinari 
(1988) are used (Figure 3.5) and are summarised below: 
Piracaia-Jundiai domain 
This domain is exposed between the cities of Piracaia, Jundiai and Itu, north of the 
Jundiuivira shear zone. It can be summarised as a sequence of predominantly paragneisses, 
quartzites, and mica-schists intercalated with biotite gneisses, amphibolites and 
migmatites; thrust onto the Socorro-Guaxuape nappe exposed to the north. It is divided into 
three groups: 
Schists 
The basal unit, consisting of mica or quartz mica schists, with occasional garnet or 
tourmaline, and of a sedimentary or volcano-sedimentary provenance. These schists are 
normally intercalated with slivers of amphibolites and meta-gabbros. 
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Gneisses 
Banded paragneisses of granitic to tonalitic composition, preserving occasional 
homblende and sillimanite. Intercalated within these are orthogneisses preserving massive 
microcline crystals metamorphosed to high amphibolite facies. 
Migmatites 
In this area there are two kinds of migmatites palaeosomes of granodioritic to 
tonalitic composition and leucosomes of white-grey, microcline-oligoclase-quartz-biotite-
homblende granite. 
For greater detail see Ebert (1968), Wemick et al (1976), Campos Neto et al (1983), 
Campanha et al (1983), Vascocelos (1984), Oliveira et al (1985), Basei et al (1986) and 
Campos Neto & Vasconcelos (1986). 
Sao Roque domain 
This domain consists of essentially an homogenous meta-volcano-sedimentary 
sequence, believed to be of passive margin provenance. It is exposed between the Buquira-
Monteiro Lobato and Jundiuivira shear zones. 
At its base there is an amphibolite, succeeded by metarenites, quartzites and calc-
silicates. Above these are a sequence of metaarkoses, metaarenites and mica-schists, with 
the top of the domain marked by a phyllite sequence. 
Figueiredo et al (1982) and Campos Neto et al (1983) provide additional descriptions. 
Embudomain 
These rocks are exposed east of the Monteiro Lobato-Buquira shear zone and west 
of the Cuba tao shear zone, and have previously been described as the Santa Isabel complex. 
The base of the sequence is defined by the intensely deformed Santa Isabel gneisses which 
are overlain by a sequence of amphibolite grade gneisses, locally retro-metamorphosed to 
greenschist facies. 
Santa Isabel gneisses 
This sequence consists of a blastomylonite gneiss which shows a transition into 
banded orthogneiss (granodioritic to tonalitic in composition), intercalated with migmatites 
and quartzite dykes (see part 5.8.1). 
Gneisses 
Overlying the Santa Isabel gneisses is a sequence of banded, variably migmatitic, 
gneisses which were strongly retrometamorphosed to greenschist facies in the vicinity of 
major faults. 
See Campos Neto et al (1983) and Theodorovicz et al (1990) for additional description. 
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Figure 3.5 Stratigraphic domains recognised in the study area (after Tassinari 1988) 
3.3.3 Metamorphism and geochronology 
10 km 
-
Field studies and, more recently, geothermobarometric and geochronological studies 
have shown that: 
I. The country rocks preserve a polymetamorphic history, Tassinari (1988). Many have 
very ancient isotopic model ages e.g. 2.7-2.45 Ga, indicating formation during earlier 
orogenic events. 
2. Between 1.3Ga and 0.8Ga there were episodes of granite intrusion e.g.Moinho pluton, 
which could possibly be related to extension and break-up of an Early-Mid Proterozoic 
continent (Tassinari 1988). 
3. At least two Brasiliano metamorphic events have been recognised, whose metamorphic 
grade and timing varies along the belt (Hasui et al 1975, Ebert pers comm). An M1 event, 
at amphibolite facies, associated with the low angle fabric, -650Ma (Tassinari 1988, 
Brito Neves & Cordani 1991). The temperature and pressure of this event have been 
estimated at -700"C, 5-5.6KBar (15-16.5km) (Porcher & Fernandes 1997), and -650"C 
and 6KBar (18km)(Iyer et al1996). The second event, Mz, occurred at greenschist facies, 
and is associated with intrusion of granites and the high angle shear zones (Tassinari 
1988). Temperature and pressure for Mz have been estimated at 678"C and 5.9KBar 
(18km) (Porcher & Fernandes 1997). 
4. Potassium-Argon ages of between 500 and 450 Ma from across the region indicate 
cooling to around 400"C by this time. 
5. Fission track ages of 100-200Ma indicate a cooling/re-setting through -200"C, probably 
associated with Atlantic rifting (Ribeiro et al 1996). 
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Using these data, a P-T-t path has been estimated which records a long period at 
highest temperatures and pressures, before slow cooling and exhumation (Figure 3.6). The 
available data suggest that the overall P-T-t path may have been clockwise, consistent with 
data from other compressional orogenic regions (Yardley 1989). 
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Figure 3.6 An inferred P-T-t plot for the study area, using the data of Tassinari (1988), Ribeiro et al (1996) 
and Porcher & Fernandes (1997) 
3.3.4 Structure 
The structure of the study area has been the subject of a number of investigations 
(Campos Neto et al 1983, Oliveira et al 1985, Hackspacher 1994) and the structural 
chronology used in this study (set out below) is based on this earlier work. Examining this 
chronology simplistically there are three components: i) Polyorogenic pre-Brasiliano 
deformation, Dn; ii) Syn-Brasiliano deformation, Dn+ll213; and iii) Post Brasiliano 
deformation, simplistically Dn+4· Each of these is described in broad terms below and the 
utility of this particular sequence of events justified by the fieldwork described in Chapters 
4-7: 
pre-Brasiliano structures 
The gneissose rocks, though they suffered an intense Brasiliano overprint, continue 
to preserve structures formed as part of earlier deformations. As yet their orientation and 
exact origins have not yet been determined. Local authors refer to them as Dn structures 
(Figuereido et al1985) (Plate 3.1). 
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syn-Brasiliano structures 
These structures are pervasive across the whole region and understood to be 
coincident with both of the identified peaks of metamorphism. There are two particular sets 
of structures, subdivided as follows (after Morales et al 1985, Tassinari 1988, Hackspacher 
1993 and Ebert et al 1993,1996, this work): 
Dn+l - A northeast-southwest trending, amphibolite facies, pervasive, low-angle, southeast 
dipping fabric (Figure 3.7a), Sn+l· Preserving a down dip stretching lineation, rarely 
observed in the study area (Figure 3.7b, Plate 3.2). In places these define southeasterly to 
easterly dipping low angle thrusts, associated with large wavelength, low angle F n+l folds 
which verge westward-northwestwards, forming nappe structures e.g. Socorro-Guaxupe 
nappe (Wernick 1978, see Vauchez et al 1994 and Cunningham et al 1996 for similar 
structures in southeastern and eastern Brazil). The foliation is intruded by sheeted 
granitoids of granodiorite to tonalite composition ( -650-600Ma), which are often spatially 
close to the major structures (Plate 3.3), and less deformed anatectic garnet migmatites 
( -610Ma) (Plate 3.4). The peak recorded metamorphic event, M1 , has been interpreted to 
coincide with the end of this event (Porcher & Fernandes, 1997). 
Plate 3.2 Low angle S n+I fabric , Nazare Paulista region (GR 578369) 
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Dn+2 - This is a high angle fabric, developed heterogeneously but intensely across the area. 
At its weakest it is a sub-vertical, northeast-southwest trending, crenulation cleavage, Sn+2 
(Plate 3.5). This is intensified around anastomosing northeast-southwest trending, Dn+2 sub-
vertical, predominantly dextral, brittle-ductile shear zones (Figure 3.8a, Plate 3.6) to 
become pervasive. Sn+2 foliations developing an occasional stretching lineation, Ln.2, which 
on average plunges weakly to the northeast (Figure 3.8b, Plate 3. 7), and is associated with 
local sub-vertical isoclinal folds. In addition, larger scale northeast-southwest orientated 
F n+2 upright folds are developed (Map 9). These folds, which have previously been 
interpreted as Fa folds forming in response to a northeast-southwest directed collision 
(Almeida & Hasui 1984). Demonstrating the transpressional nature of Dn+l and Dn+2. Ebert 
et al (1991) showed that both strike-slip shear zones and upright folds (on all scales) are 
consanguineous, forming in response to an east-west directed regional transpression. 
Plate 3.5 Development of crenulation cleavage (GR 715366) 
Plate 3.6 Subvertical shear zone, the Jundiuivira shear zone (GR 619345) 
112 
...................................................................................................... .......... !!:~~-~?.'!.'!:~.-~'!-~':.C!.~.lf.~~!.?.'!::.!.~~- !!:!.?..!:.1!:!".1!:.~~~-~!!§lf.~ .. ~.~~l!::. .. '?.~.~~-
Plate 3. 7 Sub-horizontal stretching lineation (GR 41103058) 
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a) Poles to planes of high angle fabric orientationsS,.2 
Figure 3.8 Contoured Dn+2 fabric stereonets 
b) Associated mineral stretching lineations Ln+2 
D n+S - This event, first postulated by Hackspacher (1993), produces no identifiable country 
rock deformation. Its existence is inferred from magmatic structures preserved in granites, 
temporally and spatially associated with Dn+2 shear zones. This event requires an 
extensional reversal of movement on these shear zones compared with Dn+2 (Plate 3.8) and 
has been correlated with extensional collapse of the orogen (Soares & Rostirolla 1997). 
D n+4 • After the intrusion of the granitoid plutons associated with Dn+3 there was a partial 
reactivation of major Dn+2 structures. This resulted in solid state, medium-high temperature 
deformation of the granitoid plutons and greenschist deformation of the country rocks, 
which led Ebert et al 1996 to suggest that the granitoids were hotter than the surrounding 
country rock during this deformation. There was no additional Sn+4 fabric developed and the 
associated weakly northeasterly plunging stretching lineation, Ln+4, is indistinguishable, in 
its orientation from the earlier Ln+2 fabric (Figure 3.9). 
113 
Regional introduction: The Rio Paraiba do Sul shear belt 
................................................ ................................................................................................................................................................................ 
Figure 3.9 Contoured stereonet of Ln+4 stretching lineation orientations 
post-Brasiliano deformation 
Post-Brasiliano deformation, is understood to be associated with uplift/extension of 
the region, in response to Mesozoic continental break-up and the influence of the Trinidade 
mantle plume (Gibson et al 1995). In this area discrete brittle-ductile conjugate mylonites 
(Plate 3.9) and normal faulting have been associated with this event. Almeida & Hasui 1984 
and Oliveira et al 1985 suggest that many existing faults and shear zones were 
extensionally reactivated during this event. 
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Plate 3.9 Brittle-ductile mylonite from the Atibaia pluton (GR 46783525) 
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3.4 Granite emplacement in the Rio Paraiba do Sui shear belt 
An examination of the geological map of the study area (Maps2- 9)Fig 3.4a, b) shows 
the existence of a very large quantity and compositional variety of intruded granitoid rocks 
of various ages. These can be crudely sub-divided as follows: 
3.4.1 Precambrian intrusives 
Much of the country rock surrounding the better preserved, younger igneous 
complexes, preserves orthogneisses, with a gabbroic, granodioritic to tonalitic composition. 
These are often unrecognisable as igneous complexes, elongate and discontinuous along 
strike, emphasising the intense deformation that they have undergone after intrusion. 
There are some Precambrian plutons which are at least partially preserved (e.g. Moinho 
pluton). These show a granodioritic composition, with multiple cross-cutting fabrics, which 
demonstrate deformation during both Dn+l and Dn+2· 
3.4.2 Migmatites 
The migmatites preserved in the region describe two populations; i) minor 
quantities of migmatites are pervasive across the region, particularly in the poly-orogenic 
ortho- and paragneisses, they are preserved as thin slivers intruded along or oblique to the 
foliation (Plate 3.10); or ii) large homogenous bodies intruding the country rock. In general 
they are understood to have been intruded rather than formed in-situ (Campos Neto et al 
1983): Melanosomes are rarely observed and the contact between the magma and wallrock 
is sharp and undeformed (Plate 3.11) 
The exact age and age-relationships of these bodies are often difficult and confusing 
to interpret. A geochronological investigation of the migmatites around the town of Nazare 
Paulista (Tassinari 1988 and Janasi & ffibrich 1991) produca:La poorly defined Rb-Sr whole 
rock age of -800Ma. More recent Sm-Nd whole-rock data (Ragatky et al 1997) suggests that 
an age of 609 ± 7Ma is more likely. In the Nazare Paulista area the best migmatite 
exposures can be seen and consist of a garnet, biotite leucocratic granite, intruding and 
stoping into the gneissic country rock along the low-angle foliation (Plate 3.11). 
Structurally the migmatites preserve little fabric, and no examinable magmatic 
features, though they are overprinted by the regional down-dip lineation, but are not as 
strongly deformed as the low-angle sheeted granitoid complexes (see Part 3.4.3), this 
may be because they are not intruded in the proximity of the major high angle shear zones. 
These observations taken with the geochronolgical data suggests that these migmatites 
were probably intruded during or towards the end of the main thrusting/crustal thickening 
event. Their formation could be linked with anatexis during peak amphibolite facies 
metamorphism (M1), associated with crustal thickening during the Dn+l thrusting event. 
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2 Massive migmatites intruding along or obliquely to the folliation (GR 516382) 
3.4.3 Low angle sheeted complexes 
Throughout this area there are plutons, which are thin, intensely elongated along 
strike, have a low angle foliation and have experienced extensive deformation e.g. the 
Braganca Paulista suite of Ebert et al 1996. In his analysis lines of evidence were presented 
to suggest that these plutons were emplaced synchronously to the ductile north-westwards 
directed thrusting, which occurred around 650Ma. 
There are two such plutons in the study area. The first of these is exposed close to 
the Santa Luzia strike-slip shear zone (GR 837310) showing; i) an easterly dipping low-
angle fabric , which is deflected to a high-angle on approaching the shear zone; ii) highly 
rounded and abraded K-feldspar megacrysts in a fine grained, highly tectonised matrix; iii) 
a sub-horizontal, along strike stretching lineation. This pluton (Plate 3.12) is interpreted as 
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being intruded at a low-angle subsequently highly tectonised, by over-printing strike-slip 
deformation. 
The second of these plutons is exposed at GR 855291, close to the Buquira shear 
zone. This pluton shows; i) a low-angle easterly dipping foliation; ii) both a down dip and a 
strike-slip related stretching lineation; iii) numerous sheets of granodioritic composition; 
and iv) westerly verging deformed microgranitoid dykes. This granite is interpreted as 
being intruded along the low-angle foliation in sheets, during the northwesterly directed 
thrusting. 
Each of these plutons was clearly intruded along the low-angle foliation before 
being deformed by the later overprinting strike-slip deformation. They are interpreted to 
belong to a regional granitoid intrusion episode which took place around 650 Ma. 
Plate 3.12 Low-angle sheeted Santa Luzia complex (GR 837310) 
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3.4.4 Elongate plutons 
These plutons (which includes the studied granites Figure 3.4b) are the most 
commonly intruded granitoids. Examination of the regional geological map of southeast 
Brazil (Hasui et al 1981) shows them to have a close spatial coincidence to the sub-vertical 
strike-slip shear zones: For example the studied plutons Atibaia, Morro Azul, Imbiricu and 
ltapeti, and plutons described in the literature Serra do Lopo (Ebert et al 1996), Itaqui 
(Wernick et al 1993, Hackspacher et al1993,1997, Hackspacher & Godoy 1996), Morungaba 
(Janasi et al 1993), Piracaia (Janasi & Ulbrich 1987, Janasi et al 1993), Sindacta (Spanner 
& Kruhl in press). In addition, they show weakly deformed wallrocks, radiometric ages of 
between 600 and 520Ma, with a median age of approximate 580Ma (Rb-Sr whole rock and 
Pb-Pb whole rock ages Tassinari, 1988, Janasi & Ulbrich 1991, Melhem 1995, unpublished 
data), Granitic to Alkali Granite composition and isotopic signatures consistent with 
derivation through anatexis and fractionation of upper continental crust (unpublished 
data). 
Structurally the granites generally display a weak sub-vertical intrusion related 
magmatic foliation and weak deformation of the surrounding country rock (except in the 
proximity of the major shear zones). The magmatic foliation is heterogeneously over-printed 
by a later solid-state deformation. Each of the studied plutons has been subjected to a 
detailed investigation of its intrusion related features in an attempt to understand the 
regional tectonics pre- syn- and post-emplacement. 
3.4.5 Later intrusions 
Throughout the RPSSB there are Jurassic-Cretaceous high level potassic-igneous 
complexes (Gibson et al 1995), intruded during Mesozoic extensional magmatism. This 
magmatism has been associated with decompression melting of highly evolved fractions of 
continental crust as a result of crustal extension and the impact of the Trinidade hot-spot. 
Gibson et al (1995) explain. the focusing of magma in this area to be as a result of the 
orogenic belt acting as a tectonic weakness or 'thinspot' during extension. 
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3.5 Tectonic models 
A few of the principa J tectonic models that have been used to explain the tectonic 
evolution of this area are outlined below: 
3.5.1 Historical perspective 
One of the first tectonic models for this area was described by Ebert (1968), who 
proposed that undeformed passive margin sequences (which are now the gneissose country 
rocks) have been thrust onto a stable craton to the north during an Alpine-type collisional 
event. Later following the application of Plate Tectonic theory and the recognition that the 
Ribeira belt represented part of a Pan-African-Brasiliano orogenic belt (Almeida et al 1973, 
Cordani et al 1973), a number of models were formulated which envisaged the orthogonal 
east-west collision of cratons, associated with continental thickening and later erosion. For 
example, Porada (1989) envisaged the region as a 'triple junction' collision of three plates 
(Sao Franscisco, Congo and Kalahari cratons), forming the Ribeira belt, in Brazil and the 
Damar a belt in Namibia. While this is broadly the cas~ .in detail the region is of course more 
complex. 
3.5.2 The direction of pre-collision subduction and accretion 
Applying Plate Tectonic theory to the evolution of this area requires there to be 
subduction on one or both sides of the oceanic basin between the colliding continental 
plates. The evidence for subduction under the present South American continent is outlined 
as follows: 
The Mrican orogenic belts (Kaoko, West Congolian) demonstrate east verging nappe 
structures whereas the South American belts display north to northwest verging nappes, 
directions consistent with their post-collision orientation (Figure 3.4a). The tectonic 'set-up' 
pre-collision is more enigmatic: It is known that at -1Ga extension took place to form an 
ocean basin and that by -650Ma is was probably closed. There is little structural evidence 
to explain the intermediate 350Ma. 
Many workers have demonstrated the existence of geochemical and stratigraphic 
domains in the Ribeira belt, and have used these in an attempt to elucidate the pre-
collisional tectonic arrangement e.g. Tassinari, 1988, Gneisse et al 1989, Janasi & Ulbrich 
1991 and Campos Neto & Frguereido 1994. These studies suggest that the low-angle 
sheeted complexes (see part 3.4.3) are Cordilleran !-type granites formed during subduction 
(Janasi & Ulbrich 1991) and that the Ribeira belt (and the Aracuai belt to the north) is 
composed of a number of chemically distinct 'arc' terrains (Almeida & Hasui 1984, Campos 
Neto & Figuereido 1994). Additionally, comparing the foreland basin sequences on each side 
of the former orogen, Gneisse et al (1996) showed there was a greater proportion of arc-
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related volcanogenic deposits on the present South American continent than in the 
corresponding portion of the African continent. 
In conclusion, while there is no direct structural evidence for subduction, the 
preservation of Cordilleran 1-type granites (see part 3.4.3), the composite nature of the 
preserved country rocks and the foreland basin deposits taken together indicate that 
subduction was more probably under present-day South America i.e. westwards. During 
subduction the composite terrains along the Ribeira belt were accreted, before final collision 
took place sometime around 650Ma. The eastward younging direction across the belt 
(Janasi & Ulbrich 1991, Campos Neto & Figuereido 1994) is related to the progressive 
accretionary nature of the collision, which migrated westwards and resulted in 
progressively younger metamorphic ages. 
3.5.3 Competing models of orogen evolution 
Multiple event: thrusting followed by strike-slip 
The use of detailed structural mapping, which recognised top to the northwest 
thrusting (Ebert 1968, Campos Neto et al 1983 and others) and subsequent dominantly 
dextral strike slip on northeast-southwest trending ductile shear zones (Braun 1972, 1974, 
Hasui et al 1975), resulted in tectonic models which envisage at least two stages of 
evolution. A first stage of crustal thickening, associated with northwest directed thrusting, 
followed by a later second stage of dextral strike-slip shear (Braun & Baptista 1977, 
Cavalcante et al 1979). 
A number of workers have debated whether these were two distinct processes or 
part of a continuum. Soares (1988) proposed the collision of continental and arc terrains, 
before the final collision of continents and evolution to a strike-slip environment. 
Alternatively, Hasui (1983) proposed that orogenesis took place with crustal thickening 
along low-angle thrusts, which evolved to strike-slip shear as the orogen matured. He 
envisaged strike-slip deformation nucleating from lateral ramps. 
Partitioned transpression 
Harland (1971) recognised that oblique continental collision can result in distinct 
partitioned zones of pure and simple shear i.e. crustal thickening and strike-slip. A concept 
which has been developed subsequently by Sanderson & Marchini (1984), Tikoff & Teyssier 
(1994) and others. Using this concept and applying it to the RPSSB in particular and the 
entire Ribeira belt in general, Ebert & Hasui (1992, in press) showed that it could be 
modelled as being transpressional. 
Their models envisage the orogen as being the result of temporally partitioned 
oblique transpressional collision between a number of deformable Proterozoic continental 
blocks, (Figure 3.2b, 3.4a) i.e. initially the orogen was pure shear dominated (low-angle 
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northwest directed thrusting), producing crustal thickening, before it evolved to be simple 
shear dominated (high angle dextral strike-slip). 
Vauchez et al (1994) suggest an alternative model deduced from finite element 
computer modelling of the Ribeira belt. Their model assumes that a deformable South 
American continent was more or less assembled in the same form as at present and collided 
approximately orthogonally with a rigid Mrican continent. The results suggest that 
deformation would be initially orogen transverse and would switch to orogen parallel as a 
result of deformation enhanced strain localisation. Notably this model is not accompanied 
by supporting field data. 
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3.6 Summary 
The Rio Paraiba do Sul shear belt is an anastomosing network of northwesterly 
verging thrusts and dextral strike-slip shear zones which have a northeast-southwest trend. 
It preserves evidence of; i) a complex pre-Brasiliano history; ii) crustal anatexis and 
migmatisation; ii) thrusting, crustal thickening and the intrusion of subduction related 
sheeted granitoid complexes; iv) overprinting dextral strike-slip followed by granite 
emplacement and subsequent dextral strike-slip; v) Palaeozoic extension and 
sedimentation. 
In the following chapters the structures associated with a number of intrusive 
granitoids will be described in order to deduce the tectonic processes at work before, during 
and subsequent to emplacement of the plutons. Comparing each of these case studies allows 
general conclusions to be drawn about the evolution of the RPSSB. 
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4.1 Introduction 
4.1.1 Preamble 
Chapter4 
The Atibaia pluton 
The Atibaia pluton is the westernmost studied pluton within the Rio Paraiba do Sul 
shear belt (Figure 3.4b). It is situated east and southeast of the town of Atibaia, about 70km 
north of Sao Paulo, and comprises parts of the 1:50,000 map sheets named Atibaia and 
Piracaia. The granite has been mapped previously (Oliveira et al 1985, Campos Neto et al 
1983) and has also been the subject of a simple geochemical study (Melhem 1995). The 
present work has involved re-mapping the pluton at a 1:25,000 scale and collecting 
structural and petrological data in an attempt to elucidate the emplacement and 
deformation processes affecting the pluton. 
4.1.2 Previous work 
Many of the early references to the geology of the Atibaia region were made solely 
on the basis of reconnaissance mapping conducted during the compilation of large scale 
regional maps (reviewed by Oliveira et al 1985). The work of Setzer (1953) describes the 
Atibaia region as consisting of strongly folded and metamorphosed Archaean gneiss, locally 
containing high grade gneisses and granites. Subsequently Wohlers (1964), who compiled a 
regional map at 1:100,000 scale, describes the Atibaia granite as underlying (thereby 
considered older than) the overlying gneisses (then considered to be Archaean in age). 
As knowledge of the regional framework became better known the Atibaia region 
was recognised to consist of ortho- and paragneisses and granites (Ebert 1968), which 
preserve metamorphic ages (K-Ar) of 553±17Ma from biotite and 620±19Ma from amphibole 
(Ebert & Brochini 1968). The first reference to the tectonics affecting the Atibaia pluton 
itself was made by Hasui et al (1978), who referred to it as being 'syn-tectonic' and part of 
the regional Cantareira suite. 
It was not until the regional mapping projects of Oliveira et al (1985) and Campos 
Neto et al (1983) that the structural framework of the Atibaia pluton was recognised (Maps 
2, 6 & 7, Figure 4.1). Their mapping shows that the Atibaia area consists of ortho- and 
paragneissic greenschist to amphibolite facies country rock, which initially had a weak 
southeasterly dip. Locally this low angle foliation has become steepened into shear zones 
which have an approximate north-south orientation and a sub-horizontal strike-parallel 
lineation. These shear zones show a close spatial association with the Atibaia granite itself 
along the western and southern sides (Camanducaia and Jundiuivira shear zones), but are 
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not present on the eastern side of the pluton (Figure 4.1). In addition, these authors 
demonstrate that there are a number of types of intrusive rocks in the area, such as dykes 
or small, poorly exposed intrusive stocks, but dominated (in areal terms) by the Atibaia 
pluton, an homogenous body covering 74 km2 • Oliveira et al (1985) describe the pluton as 
having; i) a north-south alignment; ii) a cataclastic texture; iii) a 3a or 3b granite modal 
composition; and iv) a zircon topology which characterises it as being deep sub-alkaline in 
origin. 
More recently Melhem (1995) conducted a geochemical study of the granite and was 
able to demonstrate that the pluton had: i)an approximately alkali granite composition; ii) a 
highly evolved isotopic source, (B7Sr/868r)i = 0.7132; iii) an Rb-Sr whole rock age of 
573±15Ma; iv) a Caledonian !-type classification; v) crystallised at a high temperature 
-860°C; and vi) completely homogenised before emplacement in a low water-activity 
environment. He used these data to suggest that the pluton had been emplaced during 
subduction related deformation associated with the Brasiliano orogeny. 
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Figure 4.1 Map of the Atibaia pluton 
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4.2 Mapping 
4.2.1 Country rock 
The country rock surrounding the pluton is part of the Piracaia-Jundiai domain 
(Tassinari 1988), a strongly weathered sequence of amphibolite gneisses of volcano-
sedimentary derivation (Oliveira et al 1985). Mineralogically it consists of quartz, biotite, 
muscovite, occasional garnet and sillimanite. Sillimanite becomes particularly common 
along the western side of the Atibaia granite and its formation could possibly be associated 
with thermal metamorphism during intrusion of the pluton. Intercalated into these 
gneisses are migmatites, some of which appear to have formed in-situ (Plate 3.10) 
preserving leucosomes and melanosome. However when larger exposures of migmatite 
material are observed they are more obviously intruded (Plate 3.11). At distances greater 
than 500m or so from the pluton the migmatites appear to consist of only 10-20% of the rock 
(Plate 4.1) but, as the pluton is approached, these become much more common. 
Examination of localities close to the pluton ( <500m) suggests that migmatites 
(compositionally distinct from the occasionally observed granite dykes) can become up to 
50% of the outcrop (Plate 4.2). Granite dykes/sheets are observed within the country rock as 
rare 10-20cm wide features compositionally similar to the pluton itself, though their exact 
mineralogy is often difficult to identify as a result of intense weathering. 
During this work the country rock exposed around the pluton (1-1.5km from the 
contact) was mapped as an aid to understanding the dynamics affecting the emplacement 
and subsequent deformation of the pluton. This mapping has identified two domains which 
correspond to the eastern and western sides of the pluton. 
Plate 4.1 Migmatites at a distance from the pluton (GR 380344). 
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Western area 
The western side of the pluton consists of strongly foliated gneissic rocks which 
trend north-northeastwards and an associated south-southwestward plunging stretching 
lineation (Figure 4.2). Close to the pluton the foliation is sub-vertical and very well 
preserved but, on travelling westward from the contact it becomes much less defined and 
dips more moderately to the west (Maps 2, 6). 
+ 
N ~ 30 C. I.= 2.0 sigma N = 9: 
a) Contoured stereonet of poles to foliation, b) Mineral stretching lineations from the 
western side of the Atibaia pluton western side of the Atibaia pluton 
Figure 4.2 
In the vicinity of the pluton contact the country rocks show evidence of intense 
deformation and dextral shearing (see part 4.4.1). In order to describe the nature of the 
contact and associated deformation a summary log of the contact rocks between GR 
42503867 and GR 43123820 is given in Figure 4.3. It shows: i) a strongly foliated gneiss, 
intruded by granitoid and quartzite dykes, exhibiting non-pervasive shear sense fabrics; ii) 
lOOm closer to the pluton the intensity of deformation increases, the outcrop has a 'rodded', 
L-tectonite appearance and there are occasional intensely deformed megacrystic granitoid 
dykes (which may be sourced from the Atibaia pluton itself); iii) 200m closer to the pluton 
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the gneiss is replaced by microgranite, of indeterminate age, which has developed an 
intense foliation and a shallowly plunging stretching lineation; iv) the next exposure is 
situated close to a break of slope, which probably defines the contact with the granite, and 
shows an intensely deformed gneiss with a sub-horizontal stretching lineation: These 
gneisses are weathering resistant, which suggests they have been metamorphically altered 
during intrusion and deformation (their fine-grain size prohibits a mineralogical analysis). 
Strongly banded gneiss 
intruded by quartzite and 
granitoid dykes, which were 
deformed post-intrusion. Intensely sheared microgranite 
Contact granite, with texture 
of a granitoid gneiss. 
E 
.-.-... 
50m outcrop sheared, Intensely sheared gneiss, 
L-tectonite fabric baked and weathering resistant 
Intensity of deformation reduces 
quickly with increased distance from 
the contact. 
occasional sheared 
megacrystic granitoid dykes. 
A summary log through the western contact rocks of the Atibaia pluton (GR 42503867 to GR 43123820) 
Figure 4.3 
Eastern area 
The eastern side of the pluton has a similar rock-type to the western side, but there 
are a number of important differences in the style of deformation observed. In particular 
the rocks have been only weakly deformed and the foliation is much less intense, showing a 
greater variability in orientation (Figure 4.1, 4.4, Maps 1, 7). Close to the pluton the 
average foliation is orientated north-south to northeast-southwest, steep and sub-parallel to 
the granite contact (Figure 4.4). Stretching lineations are rarely developed and do not show 
a consistent orientation (Figure 4.4b). Distant from the contact the country rocks show a 
moderate but variably orientated dip (Map 7), which is locally folded and associated with 
regional deformation (Campos Neto et all983). 
Examination of a summary log from the pluton itself to the country rock across the 
contact zone (Figure 4.5) shows: i) homogenous foliated granite with a solid state foliation 
only weakly overprinting an earlier magmatic foliation; ii) lOOm further away from the 
pluton a fine grained, strongly foliated gneiss which is intruded by metre-scale sheets of 
Atibaia granite (Plate 4.3) is seen; iii) this zone continues for 20-30m before the sheets 
become much thinner and have a 'migmatitic' composition; iv) these sheets show symmetric 
boudinage (Plate 4.4) and continue to develop a strong foliation; v) after 200m of no 
exposure country rock is again identified and now shows a much weaker foliation with 
regional structures and fabrics. 
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a) Contoured stereonet of poles to foliation, 
eastern side of the Atibaia pluton 
Figure 4.4 
Foliated homogenous Atibaia 
granite, weak solid state fabric 
overprinting magmatic fabric 
b) Mineral stretching lineations from the 
eastern side of the Atibaia pluton 
by m-scale 
Regional foliation. 
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SOm Strongly foliated outcr op 
of country rock gneiss 
'Migmatitic' granitoid dykes 
showing symmetric boudinage. 
Summary log through the eastern contact rocks of the Atibaia pluton (GR 47273593 to GR 48053600) 
Figure 4.5 
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Conclusions 
These observations suggest that the country rock was intensely deformed and 
metamorphosed along the western side of the pluton. Along the eastern side deformation 
was less intense but, importantly, preserves a concordant contact foliation, formed and 
sheeted into during intrusion of the Atibaia granite. 
4.2.2 Nature of the contact 
The approach to and deformation surrounding the contact has been described in 
some detail in the preceding section. The contact itself is generally very sharp and distinct: 
On the western side of the pluton (Figure 4.3) it is geomorphologically defined by a sharp 
break in slope and a change in rock type from intensely deformed gneiss (Plate 4.5) into 
granite, mineralogically identified as the Atibaia granite, but with a granitoid gneiss 
texture (Plate 4.6). The eastern side of the pluton sees a similar sharp break in slope at the 
contact (Figure 4.9) and the country rock gneiss shows a fabric sub-parallel to the contact 
(Plate 4.7), but no intense deformation has been identified. Similarly the granite outcrops 
close to the pluton contact show a fabric formed in the magmatic state weakly overprinted 
by a solid-state fabric but not intensified in proximity to the country rocks (Plate 4.8). 
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· pluton (GR 380344) 
Plate 4.7 
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4.2.3 Granite 
The Atibaia granite itself is a lozenge shaped body which is compositionally 
homogenous across the whole of its outcrop. In outcrop (Plate 4.9) the granite is coarse 
grained (crystals -1cm) and weathers to form a highly abrasive surface texture. It has a 
pinkish to white colouration as a result of the large percentage of potassium feldspar 
present. The matrix around these potassium feldspars consists primarily of elongate quartz 
crystals, blocky biotites and small (1-2mm) plagioclase feldspar lathes. The rock in thin 
section (Plate 4.10) shows large potassium feldspar crystals (1-2cm), predominantly 
microcline and perthite, surrounded by a matrix of quartz and biotite, with minor 
quantities of hornblende, epidote and zircon. Point counting to 500 points of 64 thin sections 
gives the QAPF diagram modal composition shown in Figure 4.6. This shows the average 
composition of the Atibaia pluton to be an alkali granite/granite . Structurally the granite 
shows a strong subvertical composite foliation which has an approximately north-northeast 
strike (Figure 4.1, 4.7a, Map 1). This fabric has coincident orientations independent of 
whether is was formed in the magmatic or solid state . In addition there is an occasionally 
preserved solid state, sub-horizontal stretching lineation (Figure 4.1, 4.7b) defined by the 
elongation of deformed quartz. No magmatic state lineations have been identified. 
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Plate 4.9 Photograph of the Atibaia granite (GR 43833215) 
QAPF modal composition diagram for the Atibaia pluton (stars = Individual analyses, filled square = average 
composition) 
Figure 4.6 
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a) Contoured stereonet of poles to foliation 
for the whole of the Atibaia pluton 
Figure 4.7 
Equal Area ·~. 
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b) Stereonet of mineral stretching lineations 
from the whole of the Atibaia pluton 
4.2.4 Microgranitoid stocks, dykes, enclaves and country rock xenoliths 
In and around the pluton there are numerous small microgranitoid stocks, dykes 
and enclaves. Examining each of these in turn: 
Microgranitoid stocks 
These are small, very poorly exposed intrusions, often less than 1 km2 in size, which 
intrude into the country rock around the pluton (Plate 4.11). Commonly they show: i) rum-
scale grain size; ii) occasional potassium feldspars phenocrysts 1-2cm in size; iii) a matrix of 
feldspar (plagioclase and microcline), quartz and occasional biotite; and iv) a foliation 
formed in the solid state which is sub-parallel to the local country rock/pluton fabric. Their 
contact/age relationships are difficult to determine unequivocally; for example, the 
intrusion close to the contact around GR 435395 may actually intrude the granite itself, but 
similar intrusions do not appear to intrude the pluton. 
Melhem (1995) interpreted these. plutons as contemporary or slightly post-dating 
the intrusion of the granite itself. The presence of a fabric within the intrusion suggests 
that they were intruded before the end of tectonism in the area and, if the intrusion at GR 
435395 actually intrudes the Atibaia pluton then at least one intrusion occurred post-
emplacement of the main granite. In addition their elongate shape suggests that they were 
deformed by, or the intrusion was strongly controlled by, the regional tectonics. In 
summary, these bodies have been interpreted to be emplaced post-intrusion of the mam 
pluton but before the end of regional tectonism. 
Microgranitoid dykes 
Throughout the pluton there are sets of sub-vertically orientated microgranitoid 
dykes/sheets, commonly less than 50cm in width (Plate 4.12) but continuous along strike for 
more than 300m. They have sharp contacts with the surrounding granite and have not been 
conclusively identified in the surrounding wallrocks. They are often unfoliated, but can 
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preserve an internal shear sense fabric and have a small grain size (l-2mm). Thin section 
analyses show a modal composition similar to the pluton with the matrix consisting of 
lathe-shaped potassium feldspars , small plagioclase feldspars , interstitial quartz and biotite 
(Plate 4.13). 
These sheets were intruded after the emplacement of the pluton and non-parallel to 
the principal granite fabric (see part 4.6 for additional kinematic analysis). Some of them 
have a shear sense fabric and stretching lineations, but they do not have a planar fabric 
which is continuous with the plutonic solid state fabric. This suggests that they were 
intruded either after the development of the final solid state pluton fabric or before this 
fabric developed, in which case this deformation was not of sufficient intensity to produce a 
fabric within, or to extensively deform the dykes. 
Atibaia pluton (GR 42843030) 
Plate 4.12 Microgranitoid dyke intruded into the Atibaia pluton (GR 44303948) 
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(GR 43613690) 
Microgranitoid enclaves 
This pluton preserves microgranitoid enclaves which are distributed 
heterogeneously across the intrusion. In general, they are relatively large (average 
diameter 22cm) and have sharp contacts with the surrounding magma. They are fine 
grained with an intermediate to felsic , rather than mafic composition (Plate 4.14 and Plate 
4.15). In outcrop the enclaves are elliptically elongate along the principo l fJliation direction 
and in thin section they preserve a magmatic/solid state fabric sub-parallel to the 
macroscopic foliation. The axial ratios of the enclaves have been measured and used as 
indicators of the preserved finite strain using the methods outlined in Chapter 1. 
136 
.......................................................................................................................................................................................... !.~.~A.~~~.I!:~!!:.f.!.~~~-
Country rock xenoliths 
Occasionally preserved within the pluton itself are small (dm-scale) angular, dark 
coloured, foliated fragments of country rock gneiss, aligned sub-parallel to the country rock 
(Plate 4.16). They are most common in the vicinity of the outer contact and probably 
represent fragments of wallrock incorporated during intrusion. 
4.2.5 Conclusion and discussion 
The Atibaia pluton consists of a migmatitic gneissose wallrock which, in the vicinity 
of the pluton preserves a north-south through to northeast-southwest trending fabric. Close 
to the pluton this fabric becomes sub-parallel to the contact. The contact between the 
wallrocks and the granite is generally sharp and defined by a shear zone on the western 
side and by minor sheeting in the country rocks on the eastern side. The pluton itself is of 
alkali granite composition and its fabric is steeply dipping, with a north-northeast trend. 
Subsequent to emplacement of the magma there have been a number of events resulting in 
an heterogeneous solid state fabric, emplacement of microgranite dykes and the intrusion of 
a number of small microgranitoid stocks. 
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Plate 4.16 Country rock xenolith from the Atibaia pluton (GR 44233998) 
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4.3 Deformation 
Examination of the fabrics and deformation preserved within and without the 
pluton has led to the recognition of discrete events which can be correlated with the 
regional deformation history as set out in part 3.3.4. These deformations, their features, 
dispersion and intensity are detailed below using a subdivision of the pluton set out in 
Figure 4.8. 
4.3.1 Country rock 
The deformation surrounding the pluton is partitioned into near-field and far-field 
components, each of which is manifestly different on each side of the pluton. Far from the 
pluton, particularly on the eastern side of the pluton the regional flat lying or weakly folded 
Dn+l fabric is preserved. Close to the pluton the situation is more complex. 
Western side 
On the western side of the pluton the fabric is steeply dipping and preserves 
intense deformation (Plate 4.17) associated with the Camanducaia shear zone, considered to 
be a regional Dn+2 feature. This intense deformation has been observed up to 5km from the 
western contact of the pluton and consists of a fabric defined by deformed quartz, feldspar, 
and muscovite mica, with or without garnet and sillimanite, which often develops a mineral 
stretching lineation. It is difficult to estimate the magnitude of this deformation but 
regional investigations (summarised by Ebert & Hasui in press) have suggested that tens of 
kilometres of offset can occur along similar structures. The scale and intensity of the 
country rock fabric to the west of the Atibaia pluton suggest that high magnitude 
deformation has taken place in this area. The ductile deformation and recrystallisation of 
quartz and possibly feldspar, together with the formation of metamorphic sillimanite, 
suggests a peak temperature in excess of 500°C. However observations of the Jundiuivira 
shear zone to the east demonstrate some degree of lower temperature reactivation. It is 
suggested that since the pluton has only been weakly and heterogeneously deformed 
(relative to the country rock) by these shear zones (see part 4.3.2) that therefore the shear 
zones must pre-date the plutons (see Chapter 5 for additional evidence). 
Eastern side 
The east side of the pluton preserves a similarly steeply dipping fabric, which is 
concordant with the contact and sheeted into by the granite, but _this is seen in only the first 
200-300m from the pluton contact. As this fabric was formed in response to the 
emplacement of the granite it is interpreted as being a Dn+3 fabric. Further away from this 
area the country rock fabric is moderately inclined sub-parallel to the regional fabric 
(composite Dn+l/2). It is suggested that the intrusion of the pluton formed a Dn+3 fabric close 
to the pluton (Plate 4.18), while leaving the remainder of the country rock undeformed 
(Plate 4.19). Additionally on this eastern side there are no thermal indicators as to the 
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temperature of deformation. It should simply be noted that the boudinage and sheeting into 
the country rocks, which make up the contact, occurred in ductile conditions. 
(GR 47553933) 
Plate 4.18 Dn+J fabric close to the eastern pluton contact (GR 47653584) 
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Southern contact zone 
The country rocks and granite close to the southern contact are very poorly exposed 
but, where they can be examined, they show a local concordance with the contact and a 
rapid return to more regional structure with increasing distance from the pluton itself. 
Qualitatively the country rock is quite intensely deformed and, as such, is probably related 
to movement on the Jundiuivira CDnd shear zone a few kilometres south of the pluton. 
Northern contact zone 
The northern contact zone is relatively complex and consists of two zones; the first 
is related to the contact of the country rocks with the granite of the North east area and the 
second is associated with the contact with the granite of the northern area (Figure 4.8). The 
country rocks associated with the first of these areas show: i) a fabric sub-parallel to the 
main pluton contact up to 3km from the pluton; ii) a heterogeneous shear-zone related 
fabric; and iii) intrusion of sheets of strongly deformed Atibaia granite. These features all 
suggest that this area preserves an intrusion related Dn+3 fabric which may have been 
overprinted during later Dn+4 deformation. The second of these areas shows a fabric sub-
parallel to the northern area contact, but with variable dip and few shear sense indicators. 
This fabric may be a result of the intrusion (Dn+3) or a rotation of an earlier regional fabric 
(Dn+l/2). Along the eastern side of the northern area the fabric shows a greater intensity, 
which may be the manifestation of a local shear zone in this area (Oliveira et al 1985) or a 
country rock expression of the solid state fabric observed throughout the pluton. 
Conclusions 
The western side of the pluton preserves the imprint of intense strike-slip 
deformation, at a peak metamorphic grade of amphibolite facies. These features form part 
of regional structures which pre-date the intrusion of the pluton. The eastern side of the 
pluton preserves a regional composite Dn+l/2 fabric, which is locally deflected within 200-
300m of the pluton itself to form a Dn+3 intrusion related fabric. 
4.3.2 Granite 
The granite preserves an approximately north-south trending fabric of variable 
intensity. In order to attempt to describe the observed variation the pluton has been 
subdivided as detailed in Figure 4.8. 
Northern area 
The northern part of the pluton comprises the thin northeast trending extension of 
the main intrusive body. This area preserves granite which has a slightly smaller crystal 
size than the main body of the pluton and a well-developed foliation. Field observations 
suggest that this foliation was formed in the magmatic state and that there is only a very 
weak solid state overprint (Plate 4.20). In addition the country rocks at the western contact 
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of this area do not show the intense fabric which is characteristic of the area, suggesting 
that the main shear zone is not sub-parallel to the contact in this area. 
The Northern area is interpreted to have formed as a result of local intrusion of 
Atibaia granite magma, or possible local northwards directed expansion along a tectonic 
weakness (possibly a shear zone bifurcation). Later deformation, such as the intrusion of 
micro granite dykes, overprinting foliation and the formation of mylonites, did not affect this 
area significantly. 
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Figure 4.8 Map showing approximate division of the pluton and country rock used in the text 
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Pedra Grande area 
The Pedra Grande area comprises the northwestern comer of the pluton and is 
characterised by very large planar hilltop exposures. The deformation in this area is 
characterised by a solid state fabric of variable intensity. Close to the country rock contact 
this fabric is locally homogenous and intense, producing a granite gneiss texture defined by 
ribbon quartz, rounded and abraded feldspars and elongate biotite crystals (Plate 4.21). At 
distances of more than 100-200m from the contact the intensity of this fabric reduces, and 
feldspar and biotite retain a rectangular shape, although the fabric continues to be 
characterised by ribbon quartz (Plate 4.22). Thin section investigation of the Pedra Grande 
fabric shows that close to the pluton contact the deformation is intense, with strong shear 
sense fabrics, brittle fabric of feldspar and undulose extinction in quartz (Plate 4.23). In the 
areas where weaker deformation is recorded, often only quartz is deformed to produce 
undulose extinction (Plate 4.24). These fabrics indicate deformation took place in this area 
of the pluton at less than 300°C, using the criteria defined by Passchier & Trouw (1996). 
The areas of weaker deformation are intruded by microgranite sheets, which are linear 
along strike and do not appear to be deformed by the solid state overprint, except during 
the development of occasional ductile shear sense fabrics (see part 4.6) . Throughout this 
area there are occasional thin ( -1cm wide) mylonites which criss-cross the outcrops. In the 
area around GR 4436 they become peculiarly pervasive (see part 4. 7 for a kinematic 
analysis). 
Granite gneiss texture close to the pluton contact, Pedra Grande area, Atibaia pluton (GR 43703968) 
Plate 4.21 
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Plate 4.22 Solid state fabric preserved in the majority of Pedra Grande area outcrops (GR 43583723) 
(GR 43703968) 
Plate 4.23 
Plate 4.24 Atibaia pluton (GR 43583723) 
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North east area 
This area comprises the outcrops present in the northeastern corner of the pluton 
and shows a solid state fabric of variable intensity. In the field it is distinguished by ribbon 
quartz fabrics, which become more intense as the eastern contact of the pluton is 
approached (Plate 4.25), but nowhere approaches the intensity developed along the western 
contact (Pedra Grande area). In thin section quartz exhibits undulose extinction, and 
feldspar shows cracking, indicating solid state deformation taking place between 300°C and 
400°C (Passchier & Trouw 1996). The fabric is approximately north-northeast trending and 
is not deflected in the vicinity of the northernmost contact of the pluton. 
(GR 47063916) 
Centre west area 
Outcrops from this area along the contact show a similar set of fabrics to those 
developed in the Pedra Grande area; a strong gneissic fabric which drops rapidly in 
intensity to preserve a more pervasive solid state fabric . Those outcrops relatively far from 
the contact (>2km) may additionally preserve original magmatic fabrics, which have 
suffered only a very minor solid state overprint. Examination of thin sections which display 
a solid state fabric from this area show minor recrystallisation and undulose extinction 
quartz and occasional recrystallisation of feldspar. Such features indicate deformation at 
temperatures between 300°C and 500°C (Passchier & Trouw 1996). 
Centre east area 
The Centre east area of the pluton is distinguished by having a very low intensity 
solid state fabric, which is developed relatively homogeneously across the area (Plate 4.26). 
It is orientated sub-parallel to the long axis of the pluton and is parallel to the earlier 
magmatic fabric, which can be distinguished in places. The intensity of this fabric does not 
increase with proximity to the eastern pluton contact. In thin section weakly undulose 
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quartz crystals and bent feldspars have been observed, indicating formation of the solid 
state fabric at approximately 300°C (Passchier & Trouw 1996). 
South west area 
The South west area is delimited by the westward bulging of the pluton near its 
southern contact. This area differs from others in the orientation of its fabric, which trends 
from northeast-southwest to east northeast-south southwest, but the style of deformation 
remains the same. The deformation consists of a moderate intensity, relatively homogenous 
solid state fabric defined in outcrop by ribbon quartz and occasionally by rounded feldspar 
(Plate 4.27). Contact rocks are poorly exposed in this area but there does not appear to be 
any intensification of the pluton fabric on approaching either the western or southern 
pluton contacts. Examination of thin sections from this area shows that the solid state 
deformation can be locally variable in intensity and consists of quartz which is 
recrystallised and has undulose extinction as well as bent and occasionally recrystallised 
feldspars and deformed biotites . These features are consistent with deformation at between 
300°C and 500°C. No preserved magmatic fabrics have been observed in the area. 
Plate 4.27 Solid state fabric from the south west area of the Atibaia pluton (GR 42532923) 
146 
.......... .. ..... .. ............................ .. ................................... ........... .... .. ..................................................................................... !.~.~-~!~.c::!~.P.!.'!!.?.~. 
South east area 
There are relatively few outcrops in this area, but where they are observed they 
show a fabric sub-parallel to the pluton axis, which is commonly weak and formed in either 
the solid or the magmatic state. The solid state fabric is heterogeneously developed and 
does not appear to show any relationship to the proximity of the pluton contacts. 
Examination of thin sections of the fabric show that quartz and feldspar recrystallisation 
are the dominant deformation mechanisms (Plate 4.28) implying a temperature of 
deformation of 400°C-500°C (Passchier & Trouw 1996) 
Central area 
The central part of the pluton consists of exposures on the flanks and floor of the 
central valley which bisects the pluton. The exposures in this area are remarkable because 
they comprise granite which retains only a magmatic fabric. This fabric is weak, 
occasionally unidentifiable, sub-parallel to the regional solid state fabric and preserves 
crystal orientation formed during magmatic flow (Plate 4.29) . Examining thin sections from 
this area shows a set of almost pristine magmatic fabrics in feldspar and biotite, with very 
weak solid state deformation affecting some of the quartz crystals (Plate 4.30). 
Photomicrograph of the solid state fabric from the South East area, Atibaia pluton (GR 47253086) 
Plate 4.28 
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Plate 4.29 Magmatic fabric in outcrop from the Central area, Atibaia pluton (GR 44433648) 
Plate 4.30 Magmatic fabric in thin section from the Central area, Atibaia pluton (GR 44363693) 
Conclusions 
The Atibaia pluton was formed with a Dn+3 fabric, which trends sub-parallel to the 
long axis of the pluton. This foliation is best preserved in the central parts of the pluton. 
After the pluton had cooled it was overprinted by a solid state foliation (orientated sub-
parallel to the long axis of the pluton) whose intensity is proportional to the distance of the 
outcrop from the outer contacts, and particularly by proximity to the Camanducaia shear 
zone along the western side of the pluton. The Jundiuivira shear zone to the south of the 
pluton does not appear to have affected the development of this fabric . This solid state 
overprint formed fabrics which are indicative of deformation between 300°C and 500°C 
(Passchier & Trouw 1996), the lowest temperature fabrics forming along the western side of 
the pluton. Both of these fabrics have been overprinted by discrete mylonites, whose density 
appear to be controlled by proximity to the surrounding shear zones. 
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4.3.3 Conclusion and discussion 
The deformation recorded by the Atibaia pluton and within its surrounding rocks 
has a number of general features: 
1. Shear zones - The pluton is bounded on two sides by major Dn+2 shear zones the 
Camanducaia shear zone (which controlled deformation along the western contact) and 
the Jundiuivira shear zone a short distance to the south (this zone does not appear to 
have controlled fabric formation around the pluton). 
2. Syn-emplacement fabrics - During emplacement of the pluton a weak Dn+3 magmatic 
fabric was formed which trends sub-parallel to the long axis of the pluton. It is now 
preserved only in the central parts of the pluton. 
3. Solid state overprint - The magmatic fabric was overprinted by the formation of a Dn+4 
solid state fabric associated with reactivation of the Jundiuivira shear zone. This 
reactivation controls the fabric preserved in most outcrops, becoming most intense along 
the western contact and at the northeasternmost corner of the pluton. 
4. Temperature of deformation - Interpreting the development temperature of the solid 
state fabric and similar fabrics in the country rocks suggests that, Dn+4 deformation took 
place between 300°C and 500°C. 
5. Discrete deformation - Overprinting all the previous fabrics are discrete mylonites, 
whose density is controlled by proximity to the outer shear zones. 
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4.4 Strain measurement 
In order to estimate the preserved finite strain within the Atibaia pluton two 
methods of strain analysis were used; i) the measurement of the axial ratios of incorporated 
granitoid enclaves; and ii) the measurement of fabric strain using the Fry (1979) method. 
The methods used in each of these techniques were outlined in part 1.5 and the results are 
shown below: 
4.4.1 Microgranitoid enclaves 
Methodology 
Microgranitoid enclaves are quite rare within the Atibaia pluton, and consequently 
there are very few comprehensive datasets. In an effort to produce a dataset which was 
consistent and accurate enclave populations from discrete localities were combined with 
others in the vicinity to produce a more statistically robust analysis. Also, exposures rarely 
display large areas of vertically orientated outcrop, and hence enclave measurements 
represent axial ratios measured in only the horizontal outcrop plane i.e. the sub-horizontal 
plane perpendicular to foliation. 
Table 4.1, details a summary of the results, which are plotted spatially in Figure 
4.9: the full dataset is given in Appendix 6. 
Results 
Mafic enclave axial ratios from right across the pluton are very consistent (Figure 
4.9), recording values from the horizontal plane of Rs=1.97-3.21 (pluton average Rs=2.5). 
Indeed across a number of very large single outcrops there is a very remarkable 
homogeneity. There appears to be no interpretable intra-pluton pattern to these ratios and 
therefore these axial ratios are taken to represent an average east-southeast directed 
shortening of 45%, and a stretching sub-parallel to the pluton long axis of 35%, assuming 
that the enclaves record pure (K=O) flattening. 
Conclusions 
Mafic enclave axial ratio estimates of the finite strain recorded during the 
emplacement process show a homogeneity of strain right across the pluton. This is 
interpreted to be the result of an homogenous north-south stretching during and post-
emplacement. 
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Figure 4.9 Spatial plot of horizontal plane average mafic enclave axial ratios from the Atibaia pluton 
Table 4.1 Summary table of mafic enclave axial ratios from across the Atibaia pluton 
Localities Grid Ref. Mean Number St. Dev Smallest Largest w log %variation 
axial ratio of axial axial ratio in size 
analysed ratio 
enclaves 
BB1 GR 42763494 2.06 38 0.71 1.00 4.26 0.63 34 
BG3 GR 46003010 3.21 11 1.56 1.56 6.22 0.60 49 
BI GR 43232810 2.30 202 0.99 1.00 6.89 0.84 43 
GR 42532923 
BJ GR 41453028 2.31 25 0.87 1.33 5.50 0.62 37 
GR 41283051 
BK1- BK4 GR 43783665 2.59 57 1.38 1.29 8.82 0.84 53 
GR 43533670 
BQ3, BQ4 GR 44063970 1.97 38 0.70 1.00 4.00 0.60 35 
&BQ7 GR 44333904 
GR 44303948 
BS1- BS4 GR 45633945 2.64 58 1.64 1.46 9.61 0.82 62 
GR 45903868 
There LS very httle vertLcal plane exposure anywhere across the pluton and therefore all the 
readings were made in the horizontal plane. 
4.4.2 Fry strain 
Methodology 
During this study 159 individual determinations were made from tracings and 
photographs of outcrops (each individual tracing consists of an average of 50-70 individual 
crystals) in the horizontal and vertical planes. Individual Fry determinations were then 
combined with similar data from the same geographical area to produce a robust and 
consistent value, for the fabric strain preserved in the horizontal and vertical planes. 
These data are listed in full in Appendix 7, plotted spatially in Figure 4.10 and a 
summary is given in Table 4.2. 
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Results 
These data (Figure 4.10, Table 4.2) show that the Fry strains preserved within the 
pluton are homogenous, showing axial ratios, Rs, in the horizontal plane of 1.91-2.4, with an 
average of Rs=2.14. In the vertical planes the range of recorded values is 1.81-2.35, with an 
average of Rs=2.14. These results indicate that the entire pluton was subject to an east-
southeast directed flattening which resulted in extension in the horizontal and vertical 
planes of 29% and consequent shortening of approximately 40%. 
In addition these results demonstrate that the strain recorded by the fabric was 
dominantly a flattening strain, with O<K<l. 
Conclusions 
The Fry strain recorded by the Atibaia pluton provide the only dataset which gives 
a representation of the three-dimensional nature of the finite strain ellipsoid from across 
the pluton. These data show that the Fry strain is homogenous across the pluton and shows 
no consistent variation with spatial position within the pluton. In addition, the type of 
strain recorded is a flattening strain (in general K<<l), suggesting that recorded finite 
strain has not been strongly controlled by the regional shear zones. Similarly to the mafic 
enclave data, it is concluded that these data represent an homogenous finite strain. 
Table 4.2 Summary table of Fry strain data from the Atibaia pluton 
Localities Grid Orientation Fry strain Number of Smallest Largest Fry St. Dev. K-value 
References analyses Fry reading reading 
BC5, GR 43403819, HORIZ 1.93 8 1.47 2.53 0.35 0.58 
BX2-5, GR 43143843, 
BQ6-7 GR 43333795, 
GR 43853825, 
GR 44303948 
BC5, GR 43403819, VERT 2.13 5 1.80 2.84 0.42 
BX2-5, GR 43143843, 
BQ6-7 GR 43333795, 
GR 43853825, 
GR 44303948 
Bl1-10 GR 43232810, HORIZ 1.94 8 1.39 2.48 0.41 n/a 
GR 43232923 
BJ1-4 GR 41453028, HORIZ 2.40 7 1.81 3.50 0.57 0.18 
GR 40503100 
BJ1-4 GR 41453028, VERT 2.35 2 1.86 2.83 0.69 
GR 40503100 
BK1-6, GR 43783665, HORIZ 2.24 8 1.54 2.69 0.43 0.06 
BR2-3 GR 43613698, 
GR 44043673, 
GR 44033718 
BK1-6, GR 43783665, VERT 2.13 3 1.94 2.24 0.12 
BR2-3 GR 43613698, 
GR 44043673, 
GR 44033718 
BL2-7 GR 41743383, HORIZ 2.26 5 1.94 2.64 0.29 0.09 
GR 42103353 
BL2-7 GR 41743383, VERT 2.12 3 1.94 2.24 0.16 
GR 42103353 
B01-4, GR 43833215, HORIZ 1.92 10 1.47 2.49 0.48 0.14 
BY1-6 GR 44653262, 
GR 44353331, 
GR 42813293 
B01-4, GR 43833215, VERT 2.10 5 1.74 2.41 0.24 
BY1-6 GR 44653262, 
GR 44353331, 
GR 42813293 
152 
.......................................................................................................................................................................................... !.~.~A~!.~.l!:!~.P.!.~!.c:.~. 
Localities Grid 
References 
BP1-2, GR 46783525, 
BE1-3 GR 46093483 
BP1-2, GR 46783525, 
BE1-3 GR 46093483 
BS2-6, GR 45603909, 
CB1 GR 46703880, 
GR 47053878 
BS2-6, GR 45603909, 
CB1 GR 46703880, 
GR 47053878 
BV1-8 GR 45783975, 
GR 46434133 
BV1-8 GR 45783975, 
GR 46434133 
BW1-7 GR 45003506, 
GR 44133439 
BW1-7 GR 45003506, 
GR 44133439 
a) horizontal plane 
0. 4, 
0. 35:-
0.3. 
t 0.25!-
, 
8' 0.2t 
.., I 0.1, 
0.17 
! 
0. OSf 
Orientation 
HORIZ 
VERT 
HORIZ 
VERT 
HORIZ 
VERT 
HORIZ 
VERT 
Fry strain Number of Smallest Largest Fry 
analyses Fry reading reading 
2.27 7 1.77 2.74 
2.04 2 1.81 2.27 
2.12 7 1.78 2.68 
2.40 2 2.00 2.80 
2.33 4 1.70 3.13 
1.81 2 1.71 1.90 
2.16 6 1.86 2.53 
2.14 3 1.77 2.59 
0 2 ~km 
b) vertical plane 
K=l 
0~~--------~------------~----~----------''--+-~--~ 
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 
c) Log Flinn plot 
Figure 4.10 
Log Ryz 
Spatial plot of Fry strains from the Atibaia pluton 
St. Dev. K-value 
0.34 0.15 
0.13 
0.58 0.17 
0.57 
0.60 0.43 
0.13 
0.24 0.01 
0.42 
······························································································································································································································· 
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4.4.3 Other strain indicators 
Close to the western contact of the pluton very high intensity, LS-type, plane strain, 
solid state deformation fabrics. Examining some of these fabrics shows crystal aspect ratios 
of up to 10:1 (Plate 4.19) within the country rock gneisses, and up to 4:1 in the granite itself 
(Plate 4.6). These fabrics suggest sub-horizontal stretching of between 250% and 460%, 
locally along the contact, during Dn+4 solid state overprinting. Elsewhere within the pluton 
this deformation did not induce significant additional finite strain into the measured strain 
markers. 
4.4.4 Country rock strain 
Measurements of the strain recorded within the country rock are not easily made 
because of the often poor exposure and the lack of appropriate strain markers. Qualitative 
estimates can be made from observations of the intensity of deformation in the country 
rock, which suggest that: 
1. Along the eastern side of the pluton country rock strain is more regionally controlled, 
but in the vicinity of the eastern pluton contact some emplacement related strain of 
significant magnitude took place. 
2. The rocks along the eastern contact are deflected within 300m of the contact from a 
moderate westerly dip of approximately 50° to being approximately sub-vertical. Making 
a calculation based on the deflection of this country rock (Equation 2.4) suggests a strain 
ellipsoid axial ratio of Rs-10, which is equivalent to local shortening (assuming pure 
flattening, as demonstrated by the fabric in this area) -80%. Therefore it is possible that 
up to 1km of space for the pluton may have created as a consequence of this deflection. 
4.4.5 Conclusion and discussion 
The analyses detailed above show that while the fabric of the Atibaia pluton may 
vary in qualitative intensity both across a single outcrop and the whole pluton, the recorded 
strain is very homogenous: this is independent of the method used for its determination, 
though the actual values recorded by each method vary somewhat (see part 8.5 for 
discussion of this effect). These results suggest a number of general conclusions about the 
emplacement of the pluton: 
I. Intensity of solid state overprint - Though the pluton was subject to a pervasive, 
overprinting, solid state strain (Sn+4) , which is most intense along the western side of 
the pluton, it was not sufficiently intense to result in a general increase in the finite 
strain registered by either the mafic enclaves or the fabric itself. It is known that there 
are some areas where more intense overprinting deformation has been partitioned e.g. 
GR 4436, but this is not thought to be a general effect. Therefore, it is concluded that the 
overprinting Dn+4 deformation was pervasive but, on the pluton scale, oflow magnitude. 
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2. Source of strain homogeneity - The pluton demonstrates a remarkable degree of 
homogeneity of strain, despite preserving a pervasive solid state overprint of an earlier 
magmatic fabric. Therefore it is probable that this finite strain was induced during the 
initial intrusion of the magma itself. There could be a number of reasons for this initial 
strain: i) an initially spherical pluton could have been deformed into to a lozenge shape 
during regional compression. This is considered as being unlikely because; a) the axial 
ratio of the pluton is approximately R=l.6, and the recorded axial ratios are generally 
greater than R=2; and b) a concentric foliation and conjugate shear sense fabrics would 
be expected within and without the pluton none of which are observed; or ii) individual 
magma sheets or dykes emplaced through a central conduit underwent a flattening-type 
strain sufficient to induce strain ellipsoid axial ratios of approximately R=2.14 during 
homogenisation into the body of the pluton. This would suggest, given that the pluton 
length is approximately 13km, that the conduit length could have been around lOkm 
long; and iii) it is possible that an initial shape obliquity of the microgranitoid enclaves 
could produce these results but Hutton et al (1995) and this work (Chapter 2) have 
shown that where weakly deformed microgranitoid enclaves have been observed they 
have small initial shape obliquities of the order of R-1.4-1.6. 
3. Passive emplacement - These finite strain estimates, from both the mafic enclave 
axial ratios and the Fry strains, show that the pluton was subject to straining during the 
emplacement process. Where observed the magmatic fabric has a qualitatively weak 
intensity but preserves quantifiable finite strain and therefore the pluton did not 
emplace entirely passively but deformed itself and its surroundings during intrusion. 
4. Country rock strain - Estimates of the finite strain recorded by the wallrock around 
the eastern contact of the pluton suggest that up to lkm of space could have been 
created in this manner. This is a maximum of 20% of the total width of the pluton, and 
demonstrates that at least 3km of space may have been created by other processes. 
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4.5 Shear senses 
4.5.1 Introduction 
Within both the country rock and granite shear sense fabrics can be recognised and 
have been recorded as part of this work. They have been determined in a number of ways: i) 
by qualitative description of outcrop fabrics ; ii) examination of thin section microstructures; 
iii) quantitative analysis of fabrics. These results have then been plotted upon the pluton 
map and the associated tectonic interpretations discussed in the text. 
4.5.2 Country rock 
Shear sense fabrics of various types are ubiquitous throughout the country rock 
around the pluton but vary in intensity and shear sense depending upon their position 
relative to the Atibaia granite itself. In general country rock fabrics form LS- or L-
tectonites as a result of sub-horizontal simple shear (Figure 4.2, 4.4). 
Western area 
As described in part 4.2.1 , the western side of the pluton shows strong ductile 
deformation consistent with its interpretation as the local expression of the Camanducaia 
shear zone. All the shear sense fabrics (asymmetric porphyroclasts/boudinage, S-C fabrics 
etc.) recognised in this area have been interpreted as having a dextral shear sense. Some 
examples are shown in Plates 4.31 and 4.32, and individual measurements of shear sense in 
Figure 4.lla. 
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Plate 4.32 Dextral asymmetric porphyroclasts from the western side of the Atibaia pluton (GR 43634008) 
Eastern area 
The eastern side of the pluton often preserves no shear sense fabric at all, indeed 
the contact at GR 4 7253590 appears to preserve symmetric boudinage fabrics . The country 
rocks to the southeast of the granite do not preserve any consistent pluton related shear 
sense fabrics; whereas around the Northern contact area the country rocks which preserve a 
strong intrusion/deformation related fabric display dextral shear senses (Plate 4.35). 
Plate 4.33 
Southern contact area 
The southern contact of the pluton is relatively poorly exposed and it was only 
possible to identify a few shear sense fabrics in this area, which show a sinistral sense of 
shear. This shear sense has an identical orientation to that found on the Jundiuivira shear 
zone which is exposed a few kilometres to the south of the pluton. 
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4.5.3 Granite 
Magmatic state deformation 
The magmatic state fabric was the earliest fabric formed within the pluton and is 
generally overprinted by the solid state deformation. In some places this earlier fabric is 
preserved and a sense of shear can be determined, either qualitatively in the field or 
quantitatively using photographs, thin sections or samples in the laboratory. These data are 
plotted in Figure 4.llb. In general they describe weak sinistral shear senses sub-parallel to 
the pluton long axis (Plate 4.34) in the horizontal plane and weak centre-up shear in the 
vertical plane. 
Plate 4.34 Sinistral magmatic fabric from the Atibaia pluton (GR 45003600) 
Solid state deformation 
As described in part 4.3.2 the pluton has been the subject of a heterogeneous solid 
state deformation. This deformation resulted in a medium temperature solid state LS-type 
fabric being developed across the pluton, as indicated by the stereonets in Figure 4.7. The 
shear sense associated with this fabric is predominantly dextral (Figure 4.11a), as indicated 
by a number of different types of shear sense indicators (S-C fabrics , asymmetric 
porphyroclasts etc.) (Figure 4.12, Plates 4.35, 4.36). Importantly there are no recognised 
sinistral shear fabrics along the southern contact of the pluton, possibly indicating that the 
westernmost shear zone was most active in controlling the development of this deformation. 
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Asymmetric porphyroclast from the Atibaia pluton (GR 44303591) 
4.5.4 Conclusion and discussion 
The field evidence demonstrates that during the intrusion of the magma a fabric 
sub-parallel to the pluton long axis was formed within the body. This fabric contained a 
weak centre-up and sinistral sense of shear. These shear senses are not preserved within 
the surrounding the country rock. Such a shear sense demonstrates a reversal of shear 
sense compared with Dn+2 transpression, but would be consistent with emplacement into a 
dilatational environment. Mter the emplacement and cooling of the magma the pluton was 
deformed by an heterogeneous planar dextral deformation, which suggests that the 
Camanducaia shear zone was the dominant structure at this time. The east-west trending 
sinistral Jundiuivira shear zone only weakly affects the country rock to the south of the 
pluton and its effects cannot be seen in the pluton itself. 
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a) Solid state shear senses recorded in the 
horizontal plane within and around 
the Atibaia pluton 
Figure4.11 
N; 131 C.!.; 2.0 sigma 
a) Contoured stereonet of poles to foliation of 
of S-type fabrics from the whole of the 
Atibaia pluton 
Figure 4.12 
b) Magmatic state shear sense recorded in the horizontal plane 
within the Atibaia pluton 
N ; 45 C.l. ; 2.0 sigma 
b) Contoured stereonet of poles to foliation of C-type fabrics from 
the whole of the Atibaia pluton 
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4.6 Emplacement kinematics of the microgranitoid dyke/sheets 
4.6.1 Introduction 
As previously stated microgranitoid dykes have been interpreted as post-dating the 
emplacement of the magma but pre-dating the development of the solid-state fabric. They 
are pervasive throughout the pluton, have sharp, sometimes chilled contacts and on 
average their width is 5-10cm, although occasionally sheets are up to lm in width. They 
generally have a sub-vertical dip, but one or two are more moderately inclined. The dykes 
are commonly unfoliated, but some preserve a ductile shear sense fabric (Plate 4.37), whose 
exact age with respect to the injection of these sheets and the solid state deformation of the 
fabric is difficult to determine (see part 4.2.4). However it is observed that ductile fabrics 
within individual sheets are more common in the vicinity of areas with a more intense solid 
state fabric. This spatial concordance suggests that the ductile fabrics post-date intrusion 
and may be syn-tectonic to the overprinting solid state strain. 
4.6.2 Methodology 
At each locality the orientation (strike and dip), width and associated fabrics (shear 
sense, lineation etc.) were measured and recorded. These have been amalgamated, using 
the subdivision of the pluton described earlier (Figure 4.8) and their orientations plotted in 
rose diagrams in order to visualise the sub-vertical nature of the data (Figure 4.14). These 
rose diagrams have then been interpreted in order to estimate the possible stress 
orientations during intrusion, assuming plane .stress, instantaneous emplacement and no 
subsequent bulk rotation of the dykes. Given the sub-vertical orientation, the homogeneous 
nature and along strike linearity of individual sheets these are probably valid assumptions. 
Three possible stress relationships of dykes to stress directions have been envisaged: 
Type 1 - An environment where the dykes have been formed by the initiation of fractures 
orthogonal to <J3 and parallel to cr1 (Figure 4.13a). 
Type 2 - An environment where a single dyke is formed in response to initiation of a 
fracture oblique to both <J1 and <J3 (Figure 4.13b). 
Type 3 - An environment where dykes formed in response to the initiation of a fracture set 
conjugate to cr1 and <J3 (Figure 4.13c) 
It is important to note that these sheets are exposed primarily on large horizontal 
planar outcrops, which rarely preserve outcrop from any vertical plane. Where data can be 
collected from the vertical plane it suggests that ductile deformation associated with the 
dykes took place almost entirely as a result of two-dimensional horizontal planar 
deformation 1.e. preserved lineations are sub-horizontal and there are no vertical shear 
sense fabrics. 
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a) Type 1 
b) Type 2 
+ + 
+ + 
+ + 
+ + 
c) Type 3 + + 
+ + 
Figure 4.13 
Dextral shear sense fabrics on a microgranitoid dyke from the South West area, Atibaia pluton (GR 43002938) 
Plate 4.37 
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4.6.3 Results 
Northern area 
None of the outcrops in the Northern area are seen to develop microgranitoid dykes 
of any sort. 
Pedra Grande area 
This area develops numerous dykes (Figure 4.14a) and a plot of the orientations 
(n=57) shows a single well defined mean of 028°±17°. In addition 10 of the dykes preserve 
dextral shear sense fabrics. Interpreting these data suggests that in Type 1, CJ3 would be 
orientated sub-horizontally along 118°, with cr2 and CJ3 orthogonal to this. Alternatively if 
these dykes were formed during dextral shear (Type 2) then the inferred CJ3 would be sub-
horizontally orientated along 153° and cr1 at 063°, cr2 would be sub-vertical. Type 3 is not 
applicable to these data. 
North east area 
In this area the dominant orientation of the dykes (Figure 4.14b) is between 100° 
and 110°, but there is a second data peak at 140° to 150° (n=22). The ductile fabrics 
associated with the dominant set of these features (105°) are dextral. These results suggest 
that in Type 1, CJ3 would be horizontally orientated along 010°, cr1 and cr2 being orthogonal to 
this. Although if these dykes were formed, during dextral shear (Type 2) cr1 would be 
orientated in the region of 150° and CJ3 atO?Oo, cr2 would be vertical. Interpreting the data as 
a conjugate set (though only a single sinistral fabric has been recognised) and applying 
Type 3, would suggest cr1 orientated at 125° and CJ3 orientated at 035°. 
Centre west area 
In this area there are only a very few measurable dykes (n=6). Those that have been 
measured record a poorly defined peak at between 130° and 140° (Figure 4.14c) and none of 
the sheets preserve any recognisable shear sense. If this peak can be considered as defining 
the mean orientation then, assuming a Type 1 stress during emplacement, CJ3 would be 
orientated at 045° and cr1 at 135°. Types 2 and 3 are not applicable to these data. 
Centre east area 
In this area 38 individual sheets were measured and their rose diagram shows a 
data peak between 010° and 020°, though there are dykes recorded in almost all 
orientations (Figure 4.14d). The sheets which define the data peak often record no 
associated shear sense, although 3 sheets have recognisable sinistral fabrics. In addition 
there are a number of subsidiary sheets which record dextral shear sense in orientations 
between 056° and 130°. If these data are taken as describing a Type 1 environment 
producing dykes dominantly orientated along 015° then CJ3 would be orientated at 105°, 
with cr2 and cr3 orthogonal to this. Alternatively if the sheets which display dextral shear 
with an approximate orientation of 100° are combined with the average orientation of 015° 
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(sinistral shear sense) then the dykes can be envisaged as a conjugate set (Type 3) where cr1 
and <J3 are horizontal, orientated at 143° and 048° respectively and crz is vertical. 
South west area 
In the southwestern area 26 sheets have been identified; their orientations show a 
well-defined peak between 070° and 080° and an identifiable secondary peak between 040° 
and 050° (Figure 4.14e). Dextral shear senses (n=7) are associated with the principn(peak 
and sinistral shear senses with the subsidiary peak (n=4). These data suggest that the 
sheets in this area define a conjugate set (Type 3) where cr1 and <J3 are horizontal and 
orientated at 150° and 060°, respectively. In such a situation crz would be vertically 
orientated. Alternatively, the principal peak can be interpreted as defining a Type 1 dataset 
where <J3 is orientated at 165° and cr1 and crz are perpendicular to this. 
South east area 
Only a small number of dykes have been identified in the southeastern area (n=9). 
These data show two peaks one at 060°-070° and the second at 150°-160°. Three of the 
sheets record dextral deformation between 060° and 070°, whereas dykes associated with 
the second peak do not appear to record any shear sense. Interpreting these data as being 
produced in a Type 1 situation suggests an orientation for <J3 between 070° and 150°, cr1 and 
crz being orthogonal to this. Alternatively these dykes can be envisaged as being part of a 
conjugate set (Type 3) where cr1 is orientated at ll0° and <J3 at 020°. 
4.6.4 Conclusion and discussion 
Figures 4.15 a-d summarises the results from the above section and demonstrates 
that: 
1. Wherever the sheets are developed they appear to align approximately sub-parallel to 
the pluton contact (Figure 4.15a), with easily recognisable average orientations (Figure 
4.14a-f). In general they describe single peak values, although minor secondary data 
peaks can sometimes be recognised. Shear sense fabrics are not widely identifiable 
within the dykes themselves suggesting, that many were formed perpendicular to <J3 or 
had their fabric reset after injection. 
2. Interpreting these data in terms of a Type 1 environment suggests that, in general, 
extension took place perpendicular to the local pluton contact (Figure 4.15b) and that 
conjugate sets formed in areas where the contact had a variable orientation. 
3. Alternatively, interpreting the dykes as being Type 2 and 3 (Figure 4.15c, d) suggests 
their formation in an environment where the orientation was locally controlled and 
showed no consistent or interpretable orientation. 
In summary, it is suggested that the ductile solid state heterogeneous nature of the 
developed shear sense fabrics and the complex inferred palaeostress pattern imply that this 
164 
......................................................................................................................................................................................... .!.!~.~.~.~!9.1!-.!.C!..P.!.l!!.?.~. 
was a later deformation imposed on existing features. It was probably induced during the 
development of the solid state fabric (Dn+4). A more consistent model for the nucleation of 
these dykes suggests that emplacement was linked to margin perpendicular extension after 
the emplacement and cooling of the magma but while sufficient petrographically and 
geochemically similar magma (unpublished data, Artur pers comm.) remained at depth. 
Therefore this event can be assigned as the final manifestation of the regional 'extensional' 
Dn+3 pluton emplacement event. 
Vector mean = 028° 
Circular St. Dev. = 17° 
Max. = 28.1% 
Vector mean = 010° 
Circular St. Dev. = 51° 
Max.= 33.3% 
Vector mean = 071° 
Circular St. Dev. = 34° 
Max. = 23.1% 
b) North east area 
n = 22 
Vector mean = 108° 
Circular St. Dev. = 34° 
Max.= 27.3% 
d) Centre east area 
Vector mean = 178° 
Circular St. Dev. = 37° 
Max. = 18.4% 
f) South east area 
Vector mean = 002° 
Circular St. Dev. = 51° 
Max. = 22.2% 
Figure 4.14 0-lB()o rose diagrams of the orientation ofmicrogranitoid sheets from across the Atibaia pluton 
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a) Principdj dyke orientations b) Minimum compressive stress orientations, Type 1 
R-----l-..2 3 k m 
c) Preserved average shear senses associated 
with microgranitoid dykes 
d) Maximum and minimum compressive stress orientations 
assuming Type 2 or 3 
Figure4.15 Microgranitoid dyke orientations from around the Atibaia pluton 
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4. 7 Overprinting discrete mylonitic shear zones 
4.7.1 Introduction 
Overprinting and cross-cutting the solid state fabric, magmatic state fabric and the 
microgranitoid dykes of the pluton are discrete mylonitic shear zones with variable 
orientations (Plate 4.38). These are generally millimetres in width, but can be zones 
centimetres wide, which have a glassy appearance and are continuous and linear along 
strike for tens to hundreds of metres. They have a consistently sub-vertical dip (Plate 4.39) 
and generally a conjugate nature. Although they could represent a discrete continuation of 
the solid state event. Mineralogically they consist of intensely deformed feldspar and biotite 
within a matrix of dynamically recrystallised quartz. These features suggest a temperature 
of up to 400oC during formation, although the influence of a high strain rate and possible 
fluid interaction in reducing the temperature required to form such fabrics should not be 
discounted (Knipe 1989, Passchier & Trouw 1996). 
The mylonites are preserved heterogeneously across the pluton and are most 
common in the vicinity of the pluton contact and within zones of more intense solid state 
deformation. The age and tectonic conditions required for the formation of these features is 
a subject of debate (Saadi et al 1991, Campanha et al 1994, Ribeiro et al 1995, Riccomini 
1995, Salvador & Riccomini 1995), but they are often considered to be Cretaceous to Eocene 
in age, formed in response to deformation associated with the break-up of Gondwana and 
the opening of the Atlantic Ocean. Observations from this pluton and others (see parts 3.3.4 
and 5.6.2) suggest that they were formed in a single event, for example individual mylonites 
of different orientations often appear to cross-cut each other in a non-consistent manner i.e. 
dextral mylonites overprint sinistral mylonites and vice versa. Hence it appears that a 
regional stress was applied to the pluton in conditions where the body could accommodate 
deformation along conjugate small discrete features. The presence of large numbers of these 
mylonites in areas of more intense solid-state deformation and their discrete nature 
suggests either, formation during reactivation of major structures at a lower temperature or 
during higher strain rate deformation than had occurred previously, or that there is a 
genetic relationship between the solid state fabric and the production of the mylonites. If 
there was a genetic relationship between the solid state fabric and the nucleation of these 
structures this would imply that these structures are much older than the suggested 
Cretaceous-Eocene ages. 
4.7.2 Methodology 
At each outcrop the orientation, width, qualitative intensity of deformation and 
associated shear sense were recorded. These data have been collated and analysed using 
the subdivision of the pluton established earlier (Figure 4.8). Their orientations have been 
plotted on rose diagrams in order to examine the distribution of this sub-vertically 
167 
...................................................................................................................... ........ ...... ..................................................... .!.~-~-~-t!~.'!:!~.P.!.Z:.~I!.~. 
orientated dataset and interpreted using the associated shear sense observations. It was 
assumed that they formed single or conjugate sets in response to an applied stress i.e. no 
rotation (Figure 4.16). 
As was made clear in the analysis of the microgranitoid dykes the mylonite data has 
been collected from predominantly sub-horizontal planar exposures, with very little 
vertically orientated outcrop available. Where examination of the vertical plane has been 
possible there is often no associated sense of shear and the observed lineations are all sub-
horizontal. 
Plate 4.38 A single discrete mylonitic shear zone (GR 46783525) 
Plate 4.39 Multiple discrete shear zones (GR 47053878) 
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Figure 4.16 Diagram of interpreted princippf stress orientations from conjugate mylonite arrays. 
4.7.3 Results 
Northern area 
None of the outcrops examined in the northern part of the pluton preserve any 
discrete mylonites. This area appears to be undeformed by this deformation event. 
Pedra Grande area 
A total of 38 individual mylonites have been measured from this area, all of which 
are continuous along strike, sub-vertical and generally less than 1cm in width (Plate 4.41). 
Examining the rose diagram (Figure 4.17a) shows that there is a dominant population 
orientated between 010° and 020° and a second subsidiary population present between 140° 
and 160°. Mylonites orientated in the first population display a dominantly dextral shear 
sense whereas, mylonites forming the second population display a sinistral shear sense. 
These mylonites define a conjugate set; the shear senses associated with them 
suggest formation in a stress environment where 01 would be orientated at approximately 
083° and 03 orientated at approximately 173°. Therefore during their formation this area 
was subject to an approximately east-west orientated compression. 
North east area 
The northeastern area of the pluton records a very large number of mylonites 
(n=80). Examination of the rose diagram of these features (Figure 4.17b) shows the 
existence of a dominant population with a peak at between 140° and 150° and a subsidiary 
population with a peak at between 020° and 030°. Individual mylonites from the princip:o/ · 
population show a sinistral sense of shear whereas mylonites from the subsidiary 
population show a dextral sense of shear. 
These results show that in this area mylonites formed in a conjugate set and 
analysis of the associated shear senses suggests formation in an environment where is 01 
orientated at approximately 085° and 03 at approximately 175°. This is an approximately 
east-west orientated compression, similar to that recorded in the Pedra Grande area. 
169 
.......................................................................................................................................................................................... !.~.~A.~!.~.I!.!.~.e!.~!.C?.~. 
Centre west area 
Only a relatively small number of mylonites were recorded in this area (n=9), the 
orientations of which define a prominent mean between 120° and 130° (Figure 4.17c). All of 
the mylonites with orientations around the mean value record sinistral shear. These data 
suggest (assuming there was no conjugate orientation) cr1 orientated at approximately 080° 
and 0"3 at approximately 170°. This is an east-west compression, as has been suggested for 
each of the previously examined areas. 
Centre east area 
The centre east area records mylonites with a wide variety of orientations. 
Nevertheless two distinct populations can be distinguished from these data, one which has 
a peak value between 120° and 140° and a second with a peak value between 350° and 010° 
(Figure 4.17d). Shear senses recorded in association with the first of these populations are 
sinistral, whereas features associated with the second are dextral. 
These results suggest that the data forms a conjugate set, which was formed in 
response to a simple shear where cr1 is orientated at 065° and 0"3 orientated at 155° i.e. in 
response to an east-northeast directed compression. 
South west area 
The data from the southwestern part of the pluton describes two well defmed peak 
values, the first with a mean value between 040° and 050° and the second with a mean 
value between 130° and 140° (Figure 4.17e). In this area the mylonites were very narrow 
and as a consequence shear senses were impossible to conclusively identify. No dominant 
sense of shear or orientation of the major stress axes could be made. Even so the orientation 
of these data remains consistent with similar readings in the areas to the north, which were 
formed in apparent response to an approximately east-west directed compression. As a 
consequence of this consistency with earlier data it is tentatively suggested that 0"1 was 
orientated at 090° and 0"3 at oooo during the formation of these features. 
South east area 
The southeast of the pluton preserves very few mylonites (n=7) which do not define 
any sort of well defined mean or peak value (Figure 4.17[). As a consequence of this lack of 
consistency no conclusions are drawn about the possible stress conditions existing during 
formation of these features. 
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4.7.4 Conclusion and discussion 
The Atibaia pluton suffered a number of deformation events after its emplacement 
the most pervasive of these being the imposition of a solid state foliation. The mylonites 
appear to have been initiated after the solid state fabric had formed in response to 
deformation which produced conjugate discrete zones of intense deformation cross-cutting 
the earlier fabrics. Interpreting the kinematics of these features suggests (Figure 4.18a, b): 
1. That they were all formed in response to an approximately east-west directed 
compression. The spatial distribution of these features (they are most prevalent near the 
outer margins and most deformed parts of the pluton) suggests that they were formed in 
response to deformation associated with the major shear zones. 
2. The high angle (245°) between the inferred principal compressive stress and the shear 
planes (Figure 4.18a, b) indicate a number of possible scenarios for formation, such as: i) 
the deformation had a strong component of compression (from simple mechanics); ii) that 
the deformation was strongly confined (o3=0z) (Twiss & Moores 1992); iii) the princir(.t./ 
compressive stress was at a high angle to the existing foliation (Twiss & Moores 1992). A 
comparison of the pluton map (Figure 4.1) with the orientation of the inferred principal 
compressive stress (Figure 4.18b) shows that scenario iii) is possible, as is scenario 
ii) given that this deformation probably occurred while the pluton remained buried at 
depth. Although it is the authors opinion that scenario i) was important in forming these 
fabrics since if an east-west orientated compressional deformation acts upon a body 
associated with l:l. weak fabric (shear zone) this will be preferentially reactivated before 
any new structures are formed. Therefore the nucleation of these mylonite fabrics 
represents the expression of the reactivation of the strike-slip fabric during weak east-
west directed compression/transpression, that was of insufficient intensity, in this area, 
to nucleate new compressional fabrics. 
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Figure 4.17 
a) Pedra Grande area 
Vector mean = 012° 
Circular St. Dev. = 30° 
Max.= 26.3% 
c) Centre west area 
Vector mean = 135° 
Circular St. Dev. = 25° 
Max. = 44.4% 
e) South west area 
Vector mean = 068° 
Circular St. Dev. = 61° 
Max.= 16.7% 
b) North east area 
Vector mean = 155° 
Circular St. Dev. = 33° 
Max. = 20% 
d)Centre east area 
Vector mean = 158° 
Circular St. Dev. = 37° 
Max. = 15% 
f) South east area 
Vector mean = 014° 
Circular St. Dev. = 61° 
Max.= 28.6% 
0-180° rose diagrams of mylonite orientations from the Atibaia pluton 
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a) Principle mylonite orientations b) Inferred compressive stress orientations 
Figure 4.18 Discrete mylonite orientations from around the Atibaia pluton 
173 
.......................................................................................................................................................................................... !'.~.~-~-~~!?.f!:~~.P.!.l!:!.?.'.':. 
4.8 Dykes or diapir ? 
In this section the field evidence will be examined, and conclusions drawn as to the 
method of ascent and emplacement of the Atibaia pluton. The field criteria associated with 
each of these ascent and emplacement mechanisms have been extensively discussed in 
Chapters 1 and 2. Specifically the Atibaia pluton shows: 
1. A lozenge shape combined with an along axis, sub-vertical, planar magmatic fabric, 
which is associated with an homogenous flattening-type strain. 
2. Local sheeting of magma into the country rock along the western side of the pluton. 
3. Symmetrical boudinage fabrics (where observed) on the western side of the pluton. 
4. No pluton-up type kinematics anywhere. 
5. No centre-margin petrographic zonation. 
These data lead the author to suggest that pluton ascent took place along dykes, 
which are preserved in the country rock, but were obscured in the granite itself. This 
obscuring of internal sheet contacts could occur as a consequence of rapid emplacement and 
thereby the magma had little opportunity to differentiate en route from source to 
emplacement level, hence dykes contacts are obscured in outcrop. During the emplacement 
these dykes were shortened by approximately 40% and extended by up to 30%. There is no 
evidence in this pluton for movement of a bleb/diapir of material up through the crust to its 
current level of emplacement. 
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4.9 Emplacement and deformation 
4.9.1 A sequence of events 
Pluton emplacement throughout this area has been the subject of previous debate 
and a regional model for magma ascent and deformation will be presented in Chapter 7. 
Below the sequence of events and suggested ascent and emplacement mechanisms are 
detailed with specific reference to field evidence collected from the Atibaia pluton: 
1. Initial scenario - During the Brasiliano orogeny the Atibaia area was deformed during 
a west through to northwest directed crustal thickening ductile thrusting event, which 
produced the regional low angle Dn+l foliation. This was later overprinted by continental-
scale sub-vertical ductile shear zones with an approximately northeasterly trend. The 
Camanducaia shear zone along the western side of the Atibaia pluton and the 
Jundiuivira shear zone to the south of the pluton are examples of these Dn+2 shear zones. 
It was into this environment that the Atibaia pluton was emplaced. 
2. Initiation of ascent/emplacement - Preserved regional shear sense indicators 
suggest that the dominant deformation in this area was a regional dextral transpression 
(Ebert et al 1996) and, given such a deformation, the Atibaia area should preserve a 
compressional 'flower structure' (Figure 4.19a). In such an environment pluton 
emplacement can take place and the expected features of such a granitoid are detailed in 
part 1.6.3. However the Atibaia pluton preserves none of these criteria (outcrop 
heterogeneity, down dip magmatic lineations etc.) in particular, it is compositionally 
homogenous, has a weak magmatic fabric and displays magmatic shear criteria which 
are in opposition to those preserved in the contact rocks. Therefore it is suggested that 
initiation of the intrusion of the Atibaia pluton required a re-orientation of local applied 
stresses of sufficient duration and magnitude to facilitate the development of a lower 
stress point dilation zone (at any level in the crust) in the area and hence the focusing of 
the sheeted ascent of granitoid magma formed at depth. 
3. Continued magma ascent and emplacement - The compositional homogeneity, low 
emplacement strain and the lack of screens of strongly deformed country rock within the 
pluton, as well as the relatively weak deformation of the eastern wallrocks suggests that: 
i) magma supply to the pluton was rapid and possibly continuous, especially since there 
are no internal magma contacts which would be produced by a rheological hiatus (caused 
by cooling/crystallisation) between magma batches; ii) magma emplacement was not 
especially 'forceful' and at least some of the 'space' for the was created externally. 
4. Granitic magma source - Isotopic and geochemical data (Melhem 1995) suggests that 
this pluton was possibly formed through the fusion of large amounts of evolved 
continental crust with a smaller more primitive contribution. This is consistent with a 
lower crustal anatectic source. 
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5. Post-emplacement magmatic activity - After the intrusion of the main pluton there 
may have been minor intrusion of microgranitoid stocks into the country rocks. Within 
the pluton itself sheets of micro granitoid material, with a bulk composition similar to the 
pluton, were emplaced sub-parallel to the local pluton margin. An orientation which 
suggests that the minimum principle stress was orientated orthogonally to the pluton 
contact, facilitating the emplacement of magma as sheets into 'extensional' fractures. 
6. Post-emplacement tectonic activity - After the intrusion of the microgranite dykes 
the pluton was overprinted by a lower temperature solid state fabric, which was formed 
during a dextral reactivation of regional structures. This occurred after the Atibaia 
pluton had cooled to around 300-400°C. 
7. Formation of discrete mylonites - Cross-cutting all the previous fabrics there are 
conjugate or single sets of discrete mylonites which have been kinematically analysed. 
These features show shear senses and orientations which are consistent with a weak, 
approximately east-west directed compression associated with movement on the regional 
shear zones but was of insufficient intensity to produce a new homogeneous 
compressional fabrics within the pluton itself. 
4.8.2 Pluton shape 
The Atibaia pluton is lozenge shaped and tapered towards its northern termination. 
This, taken with the magmatic shear senses recorded within the pluton (sinistral along the 
pluton axis), weak intrusion related deformation along the eastern contact and regional 
kinematics (dextral transpression suggests that: i) the magmatic fabrics are at odds with 
the solid state deformation; and more importantly that ii) the shape of the pluton could be 
the result of approximately east-west directed extension. Such a deformation would result 
in a component of sinistral deformation along the western Camanducaia shear zone and 
dextral deformation along the Jundiuivira shear zone to the south, resulting in a 
transtensional pull-apart and ultimately a pluton with a similar shape to the observed 
Atibaia pluton (Figure 4.19b). Such a regional tectonic method of pluton emplacement, 
would (providing the magma supply rate/pressure was excessive) result in only weakly 
deformed country rocks and the low, but homogenous strains recorded throughout the 
pluton. 
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a) Possible structural architecture of transpression in the Atibaia area 
b) East-west directed extension and the creation of space for the Atibaia pluton 
Figure 4.19 
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4.10 Conclusions 
• The Atibaia pluton was emplaced as an homogenous magma body as a result of the 
ascent of sheets from depth. 
• The Brasiliano orogeny is interpreted to have been a regional dextral transpression 
event in this area, but the Atibaia pluton preserves no features that might be expected 
in such tectonic environment. Indeed the magmatic structures and deformation in the 
surrounding country rock suggest that the pluton was emplaced during local east-west 
directed extension into a local pull-apart. 
• During such extension the spatial interaction of the Jundiuivira and Camanducaia shear 
zones probably focused magma ascent into this area. 
• Mter emplacement and cooling (sufficient for the magma to behave as a solid during 
brittle fracturing) the pluton was injected by microgranitoid dykes of similar bulk 
composition to the magma itself thereby recording continuing extensional tectonics. 
• At some later time the pluton was heterogeneously overprinted by a dextral solid state 
shear fabric formed in response to continued regional deformation. 
······························································································································································································································· 
178 
..................................................................................................................................................... .!~~-!'!!.~!:.!.~.lf..~.'::~.¥..?.:.:.o..~I!.~P.~I!.~?.'!:.~. 
Chapter 5 
The Imbiricu and Morro Azul plutons 
5.1 Introduction 
5.1.1 Preamble 
The Imbiricu and Morro Azul plutons are linear, elongate granitoid bodies, intruded 
sub-parallel to the regional foliation. They are both spatially associated with the Monteiro 
Lobato shear zone, one of the major Brasiliano Dn+2 continental-scale shear zones which 
cross-cut this area (Figure 3.4, Maps 3, 4, 8). Geographically, the Imbiricu pluton is 20km 
north-west of the city of Sao Jose dos Campos and 15km northeast of the town of Igarata. 
The Morro Azul pluton is south-west of the Imbiricu pluton, exposed on low hills both north 
and south of the town of Igarata. The field area is part of the 1:50,000 map sheet named 
Igarata and was previously mapped by Campos Neto et al (1983). 
5.1.2 Previous work 
There has been little previous work on the geology of the area surrounding these 
two plutons (Figure 5.1). Only in the comparatively recent past, with the regional studies of 
Hasui et al (1978) and Oliveira et al (1983), was the distribution of greenschist to 
amphibolite grade schists and gneisses surrounding inter-continental shear zones and 
granite plutons of various ages described in detail, although Ebert (1968) makes reference 
to the existence of major shear zones in this area. Tassinari (1988), during his regional 
geochronological study attempted to establish the age of the Morro Azul pluton. He 
recorded a poorly defined Rb-Sr whole rock age of 523±62Ma, (B7Sr/B6Sr)i "'0.7113 and a Pb-
Pb whole rock age of -580Ma. This age is similar to that recorded in other granitoid 
. complexes form this area. A more recent unpublished geochemical and isotopic study of the 
Igarata area has suggested that the Imbiricu and Morro Azul plutons were sourced from 
the melting of a lower crustal protolith. This interpretation is consistent with the 
geochemical data of Tassinari (1988). 
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Figure 5. 1 Geological map of the Morro Azul and Imbiricu plutons 
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5.2 Mapping: the Imbiricu pluton 
During this work both the country rock and intrusive rocks around the pluton have 
been structurally and petrographically mapped at a 1:25,000 scale. The results of this work 
are shown in Map 3 and Figure 5.2. Reference was also made to the regional map of 
Campos Neto et al (1983) which has been redrawn in modified form as Map 8. 
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Figure 5.2 Geological map of the Imbiricu pluton ' 
5.2.1 Country rock 
The country rock on both sides of the pluton forms part of the Sao Roque domain, 
although southeastward of the pluton the rocks of the Embu domain are observed both 
within and beyond the Monteiro Lobato shear zone. The Sao Roque preserves metamorphic 
ages of 550-600Ma (using various methods, Tassinari 1988). It consists of a relatively 
homogeneous stack of foliated, schistose, greenschist facies meta-volcano-sedimentary 
rocks; which shows the development of metamorphic biotite, staurolite and rare sillimanite, 
but the absence of migmatites (commonly seen in other areas) (Campos Neto et al 1983). 
Very different structural styles occur on each side of the pluton as described below: 
Southeast of the pluton 
The rocks to the southeast of the pluton trend sub-parallel to the northernmost part 
of the Jaguari reservoir. They consist of intensely deformed and strongly foliated schistose 
rocks, which are sub-vertically dipping, trend north-northeastwards and display a sub-
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horizontal mineral stretching lineation (Figure 5.3, Plate 5.1). Mineralogically this fabric is 
formed from strongly commuted grains of quartz, feldspar and mica. No additional 
metamorphic minerals could be identified within this mylonitic fabric . In general these 
rocks appear to show little deformation which can be directly associated with intrusion of 
the granite, although on the southeastern shoreline of the Jaguari reservoir (GR 94204475) 
m-scale sheets of deformed G2 granite are seen intruding sub-parallel to the regional 
foliation. Southeastwards of these immediate contact rocks the intensity of deformation 
increases further as the Monteiro Lobato shear zone exerts a greater tectonic control. This 
shear zone is 3-4km wide here. 
Plate 5.1 Contact rocks from the southeastern side of the Imbiricu pluton (GR 45009500) 
Northwest of the pluton 
On travelling northwestwards from the country rocks southeast of the pluton 
contact the intensity of the deformation, preserved within the wallrocks, becomes much 
lower. In these areas the country rock is poorly exposed but shows a strong schistose to 
gneissic foliation striking in a northeastwards direction (Figure 5.3). At a distance from the 
pluton contact the foliation generally dips moderately southeastwards, whereas close to the 
pluton this fabric becomes steepened and deflected until it becomes sub-parallel to the 
contact and sporadically develops a sub-horizontal mineral stretching lineation (Figure 
5.3b). The country rocks immediately adjacent to this northwestern contact show the 
development of sillimanite which might suggest a thermal intensification of the regional 
metamorphic grade close to the pluton. Within 50m of the pluton contact itself this fabric 
shows the injection of em- to m-scale sheets of relatively undeformed granitoid material 
compositionally similar to the pluton itself, with evidence for a degree of thermal baking 
around the dyke contacts (Plate 5.2). 
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Conclusions 
The country rock around the Imbiricu pluton preserves a high intensity shear zone 
along its southeastern side. Around the remaining sides of the pluton the country rock 
preserves a low-angle, regional fabric, which has been locally steepened close to the contact 
during emplacement. 
Plate 5.2 
a) Contoured stereo net of poles to country rock foliation., b) Contoured stereonet of stretching lineations, 
lmbiricu pluton. Imbiricu pluton. 
Figure 5.3 
5.2.2 Nature of the contact 
Southeast of the pluton 
To the southeast of the pluton the contact between the country rocks and the 
granite itself can only be observed in a single area around GR 94804561. This area shows a 
highly deformed outcrop of G 1 granite, which displays a finely divided solid state foliation 
and a sub-horizontal lineation. A few metres southeast of here the country rock can be 
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observed and displays a similar, vertically orientated fabric. As stated above there are no 
granite sheets or other such intrusions observed along this contact, which suggests a sharp, 
initially magmatic, but later tectonised, contact between the country rock and granite in 
this area. 
In other areas the contact is less well exposed but is broadly characterised by a 
weak break in slope and an increase in the degree of solid state deformation preserved 
within granite outcrops. Those closest to the contact show a very strong gneissic solid state 
fabric (Plate 5.3), associated with a low angle stretching lineation. 
Plate 5.3 Gneissic solid state fabric adjacent to the southeastern contact, Imbiricu pluton (GR 96554775) 
Northwest of the pluton 
As stated in part 5.1.1 the north-western contact of this pluton commonly preserves 
granitoid sheets which appear to have been emplaced sub-parallel to the country rock 
foliation. These are first observed 50-lOOm from the contact and represent a maximum of 
-10% of the contact rock (Plate 5.2). The contact with the pluton itself is generally marked 
by sub-vertically orientated foliation which may be strongly folded, before a 5-lOm wide 
microgranitoid sheet is observed: This feature can be picked out along 70% of this contact 
and after it is crossed the G 1 granite can be picked out. This granite shows a heterogeneous 
solid state fabric which does not appear to increase in intensity with increasing proximity to 
the outer contact. A summary log across this contact is shown in Figure 5.4. 
Southwest contact 
Country rocks to the southwest of the pluton contain moderately dipping fabrics 
roughly concordant with the pluton. Further southwest similar fabrics are steeply dipping 
and trend sub-parallel to the shear zone present to the southeast. This suggests the local 
deflection of the fabrics around the pluton (Figure 5.5). 
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along contact 
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Strongly deformed sub-vertical country rocks 
intruded by m-scale granite dykes 
A summary log through the northwestern contact of the lmbiricu pluton (GR 89584781 to GR 89754798) 
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A possible interpretation of structural fabrics along the southwest contact of the Imbiricu pluton 
Figure 5.5 
Northeast contact 
The northeastern part of the pluton is the most poorly exposed area of this pluton 
and no fabrics less than a kilometre from the supposed external contact of the pluton could 
be found. The outer contact of the pluton has been determined from remote sensing and 
geomorphological analysis of this region. Regionally, the fabrics are continuous between the 
pluton and country rock but it is suggested that a 'roof contact' similar to the one observed 
in the southwest might be observed in this area given sufficient exposure. 
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Conclusions 
The Imbiricu pluton preserves a southeastern contact which was strongly tectonised 
before, during and after the emplacement of the pluton. The northwestern contact 
preserves only a weak, post-emplacement deformation but it incorporates sheets of granite 
material which were intruded along the regional foliation during the intrusion of the 
granite. The lateral contacts are interpreted as representing roof contacts of the pluton with 
the surrounding wallrock. In summary, it appears from these data that the magma was 
emplaced by sheeting into the existing country rock, close to a major tectonic discontinuity. 
5.2.3 Granite 
In outcrop the Imbiricu pluton has been recognised as consisting of two plutonic 
phases whose interior and exterior contacts are orientated sub-parallel to the regional 
foliation and the Monteiro Lobato shear zone: G 1 is present in a thin band along the 
southeastern contact and in a much wider band on the northwestern side of the pluton; and 
G2, intruded into the southeastern portion of the pluton (Figure 5.2, Map 4). In general 
these intrusive phases preserve a sub-vertical, northeast-southwest trending foliation, 
formed predominantly in the solid state with a rarely developed sub-horizontal mineral 
stretching lineation. Where the solid state fabric is not developed the magma becomes 
almost isotropic preserving only a very weak magmatic fabric. 
The outer phase, G 1 
The distribution of this phase was described above, it forms the lateral boundaries 
to G2 and is the phase most commonly sheeted into the country rock. Examining G 1 in 
outcrop (Plate 5.4) shows it to consist of a light-coloured, coarsely crystalline texture, 
containing abundant potassium feldspar crystals 1-2cm in size, within a matrix of smaller 
potassium feldspars, plagioclase feldspar, quartz and biotite. Point counting 20 thin 
sections to 500 points (Figure 5.9a) shows, an alkali granite to granite composition. In 
general it is compositionally homogenous but retains a number of interesting structural 
features which are outlined in more detail below: 
Northwest Gl 
The majority of the preserved G 1 is exposed in this area: In general it is relatively 
well-exposed and shows a planar fabric sub-parallel to the pluton axis, or rotated anti-
clockwise relative to it. The foliation is vertically dipping and occasionally develops an along 
strike, sub-horizontal mineral stretching lineation (Figure 5.2, 5.6). In outcrop the foliation 
plane is defined by weak alignment of the potassium feldspar phenocrysts and deformation 
of the crystalline matrix. It appears to be a dominantly solid state fabric (Plate 5.5, 5.6). 
Outcrops which do not show a strong solid state overprint preserve only a very weak 
magmatic fabric. 
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Within this broadly homogenous pluton there are a number of well exposed 
granitoid sheets or dykes which have intruded the existing foliation (most commonly in the 
vicinity ofGR 92334783). These are distinct from the microgranitoid dykes described below, 
which commonly emplace into plutons in this region, because they are discontinuous along 
strike, have a similar grain size and a qualitatively similar composition when compared to 
the surrounding ~ r~n i te., except for the absence of phenocrystic potassium feldspar (Plate 
5.7). AI; a consequence of this mineralogy (which is similar to G2) it is suggested that they 
represent sheets of G2 material emplaced into G 1. In outcrop they are generally dm- to m-
scale in width and show sharp (mm-scale) contacts between individual phases, although one 
sheet shows the preferential growth of potassium feldspar close to the contact which may 
indicate a degree of diffusion occurring in this area in the time after injection. This suggests 
that injection of these features took place while the magma remained hot and/or 
meltlvolatile phases were present to facilitate such transfer. In general these sheets are 
orientated sub-parallel to the regional foliation. Across all of these outcrops the fabric is 
weak (solid or magmatic), which suggests that these sheets are preserved close to the 
injection orientation. 
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a) Contoured stereonet of poles to foliation, 
northwest Gl, Imbiricu pluton 
b) Contoured stereonet of mineral stretching lineations, 
northwest Gl, Imbiricu pluton 
Figure 5.6 
Plate 5.6 Photomicrograph of solid state deformation within Gl, Imbiricu pluton (GR 93284780) 
Plate 5. 7 Sheeting in the Imbiricu pluton (GR 92234783) 
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Southeast G 1 
Along the southeastern contact of the pluton the G 1 body can be distinguished in a 
few places (GR 94804561, GR 96554775, Plate 5.8) and is estimated to be approximately 
200m wide. It shows intensely deformed feldspar phenocrysts, which are cracked and re-
orientated within the foliation plane along the direction of the low-angle mineral stretching 
lineation. Stereonets of the fabrics from this area are shown in Figure 5.7. 
The inner phase, G2 
G2 lies between exposures of G 1. It is often poorly exposed and erodes easily but 
generally it displays a light-coloured, coarsely crystalline outcrop with a matrix of similar 
crystal size to that of G 1, consisting of quartz, biotite, and feldspar (Plate 5.9). In outcrop 
the princip<if difference between G2 and G 1 is the sporadic occurrence of large potassium 
feldspar phenocrysts. These phenocrysts are rectangular, up to 3-4cm in length, occur 
individually or in agglomerates and are generally orientated oblique to the preserved 
foliation direction. In one outcrop (GR 90384433) the potassium feldspars occur 
heterogeneously in narrow zones ( <lm wide) sub-parallel to the foliation and it is suggested 
that these zones may preserve the outlines of cryptic (compositionally similar) sheeting 
during emplacement. In general the fabric is a solid state foliation, which overprints a very 
weak magmatic fabric, defmed by poorly aligned potassium feldspar phenocrysts (Plate 
5.10). Point counting of the few samples that could be collected from this area (Figure 5.9b, 
n= 3, 500 points) show the composition of this pluton to be broadly similar to G 1 as an alkali 
granite. 
The fabric within G2 is orientated as elsewhere within the pluton: sub-vertical, and 
generally sub-parallel to the pluton long axis and the regional dominant trend (Figure 5.8), 
with a rarely developed sub-l].orizontal solid state mineral stretching lineation. Anti-
clockwise rotation of the fabric within the most central outcrops. 
a) Contoured stereonet of poles to foliation 
southeast G 1, Imbiricu pluton 
Figure 5.7 
b) Contoured stereonet of mineral stretching lineations 
from the southeast Gl, Imbiricu pluton 
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Plate 5.8 South-west Gl, Imbiricu pluton (GR 94684600) 
Plate 5.9 G2 in outcrop, lmbiricu pluton (GR 90384433) 
94484750) 
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Figure 5.8 Contoured stereonet of poles to foliation from G2, lmbiricu pluton 
Quartz 
...... 
~. Pc, 
'~ 
\ % 
quartz granite ~ ?~ 
·. \ 
Plagiocalase Alkali Feldspar Plagiocalase 
a) Point counting results from Gl, lmbiricu pluton b) Point counting results from G2, lmbiricu pluton 
Figure 5.9 
The contact between Gland G2 
The contact between G 1 and G2 is not exposed at any point along the southeast side 
of G2, although along the northwest side of G2 the contact and some of the outcrops closely 
related to it can easily be examined. This area shows (Figure 5.10): i) an uniformly weak 
solid state G2 fabric with occasional large potassium feldspar phenocrysts; ii) a distance of 
approximately 10m of no exposure before; iii) uniformly developed smaller potassium 
feldspar crystals are observed, consistent with transition from G2 into G 1 within a 
(qualitatively) more intense ductile solid state fabric. This suggests that the contact 
between these units is relatively well defined, comparatively sharp and subvertical: no 
intruding sheets have been preserved along this contact. 
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Conclusions 
The data presented above demonstrates that the pluton consists of 2 magmatic 
phases, compositionally similar but differing in detail. G 1 intruded first as sheets into the 
country rock, before forming a single body which is internally compositionally homogenous. 
Subsequently, while magmatic fluids remained present, the early pluton was split by a 
second phase, G2, which emplaced a large magma body, preserving individual sheets, 
within G 1 and may preserve sheets intruded into the major regional structure. Both of 
these early phases preserve a qualitatively weak magmatic fabric but were overprinted by a 
ductile solid state fabric. The coincidence of the internal petrographic zonation and the 
pluton fabric, with the orientation of the regional structure, suggests that the latter exerted 
a strong control in the focusing of magma during emplacement. 
SE NW 
Gl 0 j G2 0 I 0 0\ 
~~ 0 () (} \) 
D~D ~ lOrn \) 
0 
G 0 
Transition from Gl to G2 takes place over -lOrn 
Figure 5.10 Summary log through the Gl /G2 contact GR92664710, lmbiricu pluton 
5.2.4 Microgranitoid stocks, dykes, enclaves and country rocks xenoliths 
Around and within the Imbiricu pluton there are a number of other bodies which 
indicate that magmatic activity occurred at various times in this area. 
Microgranitoid stocks 
Along strike to the northeast of the pluton (GR 960540) exposures of fine grained, 
intensely deformed microgranitoid rocks can be observed (Plate 5.11). These show an 
intense shear induced solid state fabric of feldspar, broken and cracked during brittle 
processes, an_d ribbon quartz, pervasively overprinting any original magmatic fabric. This 
fabric is broadly consistent with deformation at or less than 300°C (Passchier & Trouw 
1996). The exact limits, contact relationships or age of this feature is unknown, but it is 
tentatively interpreted as being intruded during at an earlier stage than the pluton itself, 
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since it was cold (relative to the temperature of deformation in the pluton) during solid 
state overprinting. 
Plate 5.11 Microgranitoid stock northeast of the lmbiricu pluton (GR 92105235) 
Microgranitoid dykes 
A small number of em-scale microgranitoid dykes are observed within the pluton in 
both G 1 and G2. They show intrusion non-parallel to the regional fabric and a fine grained 
appearance that is qualitatively similar in composition to the bulk granite (Plate 5.12). In 
outcrop they appear to be cross-cut, but not significantly deformed by the overprinting solid 
state deformation: This interpretation is consistent with the observations from the Atibaia 
pluton, suggesting that the overprinting solid state deformation was of a relatively low 
intensity and that the microgranitoid dykes predate it. Additionally, there is a regularity in 
dyke orientation which is kinematically analysed in part 5.6. 
Also worthy of remark is the m-scale dyke intruding along the northwesternmost 
contact of the pluton (see Figure 5.4). This feature shows a finely crystalline matrix and a 
foliation sub-parallel to that of the pluton. The exact age relationships of the dyke could not 
be ascertained, but it is suggested that it is contemporaneous or slightly post-dates the 
intrusion of the pluton since similar features are not observed as sheets within the country 
rock and it does display a fabric similar to that developed within the pluton. 
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Microgranitoid dyke from within the Imbiricu pluton (GR 91404708) 
Microgranitoid enclaves 
The microgranitoid enclaves identified within the pluton fall into two categories: 
1. Ellipsoidal enclaves - These are the most common variety and are generally relatively 
small, with a smooth outer contact to the surrounding ~,... ,.,,(..~ (Plate 5.13). They display 
an obvious axial elongation direction sub-parallel to the regional foliation and preserve a 
fme grained homogenous internal fabric of basic composition. These microgranitoid 
enclaves conform to the criteria laid down for use as strain markers in part 1.5.1. 
2. Blocky enclaves - Occasionally within the pluton there are large (>50cm radius) 
microgranitoid enclaves (Plate 5.14), which can be easily distinguished from the 
previously described population by: i) their blocky angular shape; ii) a preserved internal 
magmatic 'stratigraphy'; and iii) an alignment non-parallel with the regional foliation. 
These could be broken up mafic dykes, smaller intrusions or parts of the magma 
chamber. In any case the enclaves have such a high competency contrast they fail to 
conform to any of the criteria laid down for their use as strain markers and have been 
isolated from the enclave axial ratio strain analysis. 
In addition to these features there are, within G2, occasional sub-circular, possibly 
spheroidal, m-scale features (Plate 5.15), which appear to consist of an annulus 10-20cm 
wide composed almost entirely of biotite and subsidiary hornblende. The host granitoid both 
within and around the feature appears to be unaltered. The origin or possible function of 
these features is unknown, although it is suggested that they could have been 'globules' of 
more basic material emplaced contemporaneously with the granitoid magma and have been 
subsequently resorbed during cooling and homogenisation of the magma immediately after 
emplacement. 
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Plate 5.13 Ellipsoidal enclave from within the lmbiricu pluton (GR 92474778) 
Plate 5.14 Blocky enclave from within the lmbiricu pluton (GR 90384433) 
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Country rock xenoliths and screens 
Slivers of country rock within the Imbiricu pluton are rare but, where they are 
preserved they form rectangular fragments with an internal 'stratigraphy' and are 
generally orientated sub-parallel to the pluton foliation (Plate 5.16). These are easily 
distinguishable and are isolated from the axial ratio measurements used for strain analysis. 
In addition to these minor xenoliths at the northeastern comer of the pluton (GR 
96234710) there is a major (>200m wide) country rock apophysis. This screen is orientated 
sub-parallel to the country rock and the pluton foliation and appears to cross-cut the 
petrographic zonation of the pluton. These exposures are interpreted to be a country rock 
screen which was resistant to the intrusion of the magma and was subsequently 
incorporated into the pluton. There may be additional such screens but lack of exposure 
prohibits their description. 
Plate 5.17 Country rock xenoliths within the Imbiricu pluton (GR 89654618) 
Conclusions 
Within the Imbiricu pluton a number of populations of xenolithic material have 
been preserved. Of primary importance to the analysis of the pluton are the small 
ellipsoidal microgranitoid enclaves, which fulfil all of the criteria necessary for their use as 
strain markers, and the minor country rock screens which demonstrate the sheeted nature 
of the intrusion. There are, in addition, blocky basic xenoliths, which appear to be formed 
from incorporated fragments of 'stratified' basic rock, and annular accumulations of basic 
material, which may have formed in response to absorption/dissolution of basic globules 
into the surrounding magma. In similarity to other plutons from the RPSSB, the Imbiricu 
pluton preserves a number of em-scale microgranitoid dykes/sheets which cross-cut the 
internal foliation and contain finely crystalline material of a composition qualitatively 
similar to the bulk magma. 
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5.2.5 Conclusion and discussion 
Mapping of the plutonic phases and country rock around the Imbiricu pluton show 
that it consists of two magmatic phases, which were emplaced consecutively, by: i) initial 
sheeting into the regional fabric by G 1; ii) assimilation and homogenisation of a large 
magma body; and iii) intrusion of a second magma phase G2. A number of different types of 
xenolith were incorporated into these magmas including microgranitoid enclaves, blocky 
basic enclaves and country rock. Initial intrusion occurred, associated with a weak 
magmatic fabric which was overprinted by a heterogeneous solid state fabric, most 
intensively developed within G 1. The country rock along the southeast side of the pluton 
preserves the imprint of intense shearing, whereas on the northwestern side it has been 
locally deflected to become sub-parallel to the pluton contact over the 100-200m closest to 
the granite. After the intrusion of both the magma phases, and apparently before the 
overprinting by the solid state fabric, microgranitoid dykes were emplaced non-parallel to 
the pluton foliation. 
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5.3 Deformation: the Imbiricu pluton 
In the following section the deformation fabrics preserved within and around the 
pluton are correlated with the regional deformation sequence outlined in part 3.3.4. 
5.3.1 Country rock 
The deformation within the country rock consists of near- and far-field components 
and varies depending upon which side of the pluton is examined. In general the far-field 
fabric consists of a northeasterly trending fabric, which dips at varying angles, mostly 
towards the southeast. Field examination of this fabric and interpreting it using Map 8 
demonstrates that the fabric is a steepened Sn+l low-angle foliation, which has been 
steepened is response to dextral transpression during Dn+2· Closer to the pluton the 
situation becomes more complex and is described below: 
Southeast of the pluton 
On the southeastern side of the pluton the fabric is defmed by a steeply dipping 
shear fabric, which preserves intense deformation associated with the Monteiro Lobato 
shear zone (considered to be a regional Dn+2 feature). This intense deformation is observed 
up to 20 km southeastwards of the contact and consists primarily of zones of well developed, 
sub-vertical fabric (named Monteiro Lobato, Buquira and Paratei shear zones) and 
occasional portions of more moderately dipping material. Given the scale of this zone it is 
probable that these shear zones record lateral movements of many kilometres (as suggested 
by Ebert & Hasui in press). Detailed examination of the fabric demonstrates that 
deformation occurred at a temperature sufficient to cause recrystallisation of quartz, and 
possibly feldspar, but the absence of additional metamorphic minerals does not permit an 
accurate estimate of the upper temperature associated with deformation. It is merely 
possible to suggest that the minimum temperature of deformation is 300oC (lowest 
greenschist facies). The formation of a mineral stretching lineation occurs in the granite 
itself and so it is suggested that the lowest temperature fabrics recorded here are associated 
with the Dn+4 post-intrusion reactivation of the major structures. 
Northwest of the pluton 
To the northwest of the pluton the regional fabric (Sn+l/2) is deflected until it 
becomes sub-vertical to the pluton margin in the 100-200m closest to the contact. The 
intrusion of Imbiricu G 1 granite sheets sub-parallel to this fabric and the re-orientation of 
this fabric close to the pluton margin suggests that it was formed in response to granite 
emplacement and therefore it is a Dn+3 fabric. Along this contact metamorphic sillimanite 
has been observed within the country rock which suggests that, during the intrusion of the 
pluton, temperatures probably in excess of 500°C were present. 
Additionally, along this contact there is sporadic development of a sub-horizontal 
mineral stretching lineation, which, despite the absence of the solid state shear fabrics that 
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are normally associated with this feature, suggest that the Dn+4 overprinting deformation 
only weakly affected this area. 
Conclusions 
The country rock surrounding the lmbiricu pluton preserves, along its southeastern 
side, a Dn+2 regional structure formed in response to regional dextral transpression and 
reactivated after the granite intrusion during Dn+4 greenschist facies deformation. Along the 
northwestern side of the pluton the country rock fabric was deflected until it became sub-
parallel to the pluton contact and developed metamorphic sillimanite during Dn+a 
deformation; Dn+4 only weakly affected this area. 
5.3.2 Granite 
The granite itself preserves a fabric which is orientated sub-parallel to the pluton 
long axis. In order to better describe the deformation associated with this fabric it has been 
sub-divided by pluton: 
The outer phase, Gl 
Northwest Gl 
The preserved fabric in the northern area is generally northeast-southwest 
trending, but is rotated northwards in an anti-clockwise fashion in the centre of the pluton. 
In general the fabric is defined by solid state deformation (Plate 5.17) sub-parallel to an 
earlier magmatic fabric (Plate 5.18). The solid state fabric in outcrop is generally described 
by ribbon quartz, the production of S-C fabrics and the weak augening of feldspar. In thin 
section (Plate 5.19) the solid state fabric can be seen to be locally intense producing the 
complete recystallisation of quartz, cracking of feldspar, the development of strong 'core and 
mantle' feldspar fabrics and the elongation of biotite. These fabrics suggest that 
deformation took place at temperatures of at least 400-500°C (Passchier & Trouw 1996). 
Remnants of the magmatic deformation can be observed in many of the outcrops 
where the solid state fabric is weakest, although magmatic state fabrics are only seen 
within a few thin sections from the central part of the pluton, where anticlockwise rotation 
is strongest. In general, the magmatic state fabric is defined by a weak alignment of the 
feldspar phenocrysts and matrix, which can be unobservable in places making the pluton 
appear almost isotropic. In thin section the magmatic fabric can be seen in the tiling 
relationships of unrecrystallised feldspar phenocrysts and the equant nature of the biotite 
crystals (Plate 5.20). No thin section was observed where the quartz was not at least 
partially recrystallised. In this area there are a few mylonites (compared to G2), which 
cross-cut the internal fabric at a high angle. They are kinematically analysed in part 5.7. 
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Plate 5.18 Magmatic fabric within Gl, lmbiricu pluton (GR 93584770) 
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Photomicrograph of magmatic state deformation from the G 1, the 
Plate 5.20 
Southeast G 1 
The southeastern portion of G 1 is narrow and poorly exposed but shows a very 
strong solid state overprint of the earlier magmatic fabric, displaying a finely divided fabric, 
augening of feldspar and a well developed sub-horizontal lineation. The magmatic state 
fabric is not preserved in any part of this area. The fabric was formed entirely within the 
solid state, representing an intense Dn+4 overprint of the earlier Dn+3 fabric . Additionally, a 
few mylonites cross-cut this area and their occurrence is believed to be associated with the 
proximity to the Monteiro Lobato shear zone a short distance to the southeast. 
The inner phase, G2 
As described previously G2 consists of large rectangular phenocrystic potassium 
feldspars within a matrix of quartz, biotite and feldspar. These outcrops preserve a fabric 
which, in the field, appears to be relatively weak and orientated approximately sub-parallel 
to the pluton long axis or rotated anticlockwise relative to it. Solid state deformation 
increases in intensity as the southeastern contact and the Monteiro Lobato shear zone are 
approached. In outcrop this solid state fabric is preserved largely in the matrix and does not 
appear to have altered the orientation of the larger potassium feldspar phenocrysts (Plate 
5.22). This solid state deformation of the matrix shows the development of ribbon quartz 
and occasional S-C fabrics. In thin section weak recrystallisation of quartz and qualitatively 
weak core and mantle structures around feldspar phenocrysts (Plate 5.23) suggest that, in 
general, the solid state deformation event (Dn+4) had a relatively weak magnitude within 
this pluton phase. However, the type of structures present are consistent with a 
deformation taking place at 400°C-500°C (Passchier & Trouw 1996). Additionally, the 
presence of relatively undeformed magmatic biotite around the smaller feldspars suggest 
that these are preserved in the magmatic orientation i.e. sub-parallel to the overprinting 
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fabric . At no single locality could the magmatic fabric be unequivocally identified, an 
observation which is consistent with the thin sections which show recrystallisation and 
elongation of quartz even in the most weakly deformed sections. Observations of preserved 
phenocryst distributions suggested that this magmatic fabric was of a very weak intensity. 
Within the largest G2 outcrops there are a number of discrete mylonites, which 
cross-cut the pluton fabric at a high angle with various shear senses. They become much 
more common as the southeasternmost contact of the pluton is approached. See part 5.7 for 
a kinematic analysis of these structures . 
Solid state fabric within G2, Imbiricu pluton showing randomly orientated potassium feldspar phenocrysts (GR 
94734633) 
Plate 5.21 
Plate 5.22 Photomicrograph of the fabric within G2, lmbiricu pluton (GR 94484750) 
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Conclusions 
The granite phases within the Imbiricu pluton were emplaced with a low intensity 
magmatic Dn+3 fabric, which was subsequently overprinted by a solid state deformation 
when the pluton had cooled to around 400°C-500°C. The intensity of this solid state 
deformation was linked to proximity to the outer contacts and, additionally, to proximity to 
the Monteiro Lobato shear zone along the southeastern contact. As a result G 1 generally 
preserves a more intense fabric than can be found within G2. Also, in the central parts of 
the pluton, the fabric, whether solid state or magmatic state, is rotated anti-clockwise 
relative to the long axis of the pluton; This is interpreted to be an emplacement shear 
induced phenomena and will be discussed in greater detail in part 5.5. 
5.3.3 Conclusion and discussion 
Examining the deformation data from the Imbiricu pluton suggests that there are 
fabrics formed within the country rocks and the granite which can be associated with both 
intrusion and later deformation: 
1. Monteiro Lobato shear zone - The country rocks along the southeastern side of the 
pluton are deformed by a major shear zone which can be shown to be an early pre-
granite Dn+2 structure that was reactivated, probably during, and certainly after, the 
emplacement of the pluton, thus controlling the style of Dn+4 deformation in the 
surrounding area. 
2. Syn-intrusion fabrics - Around the northwestern side of the pluton deflection of the 
regional foliation into parallelism with the contact and the magmatic fabric within the 
pluton record deformation associated with the intrusion event. Within the pluton itself 
these fabrics have a relatively low-intensity, which suggests that the pluton generally 
has a low emplacement strain, although sufficient force was exerted upon the country 
rocks to deflect them into parallelism with the contact 
3. Temperature of deformation - The solid state fabric within the pluton records 
deformation occurring around 400°C-500oC; This is below the maximum metamorphic 
temperature recorded in this area but greater than the temperature recorded in the 
Atibaia pluton and the minimum temperature ( -300oC) recorded in the country rocks 
from this region (Ebert et al 1996). 
4. Solid state deformation - The intensity of solid state deformation which affects the 
pluton is controlled by proximity to the outer contacts and proximity to the Monteiro 
Lobato shear zone. Hence, it is concluded that the regional tectonics imposed external 
deformation on the pluton (which acted as a semi-rigid body), partitioning deformation 
into the outer margins of the pluton. 
5. Discrete deformation - Discrete em-scale mylonites were nucleated within the pluton. 
These features have regular orientations which are analysed in part 5.7. 
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5.4 Strain measurement: the lmbiricu pluton 
5.4.1 Introduction 
As with the other plutons studied within the RPSSB, an attempt has been made to 
quantify the strain preserved within the Imbiricu pluton using strain estimates from the 
country rocks, measurements of mafic enclave axial ratio and the Fry fabric strain. 
5.4.2 Microgranitoid enclaves 
Methodology 
As described in part 5.2.4, there are a number of distinct populations of xenolithic 
material preserved within the Imbiricu pluton. In this analysis only microgranitoid 
enclaves that preserve an ellipsoidal shape in outcrop, are orientated along the foliation 
direction and preserve no internal 'magmatic stratigraphy' have been measured and 
analysed using the techniques detailed in part 1.5.1. This is a relatively small number of 
enclaves and hence, in order to produce a statistical sample of enclaves, individual outcrop 
populations have been combined. This results in two principal- populations of measurements 
from the horizontal outcrop plane which are detailed in Table 5.1, Figure 5.11 and 
Appendix 9. 
Results 
These data, although small in number, suggest that the finite strain recorded 
through the deformation within the pluton was less than that preserved in the Atibaia 
pluton CR.-2.46-2.90) and homogenous across both intrusive phases. It could be suggested 
that G 1 preserves a higher strain but additional data would be required to fully test this 
hypothesis. As a consequence of the lack of quantitative data from the vertical plane no 
statements can be made about the type of strain preserved. The lack of a consistently 
orientated magmatic lineation suggests that, during emplacement, the induced strain had a 
strong flattening component. However, it should be noted that the overprinting solid state 
deformation commonly preserves a sub-horizontallineatiorY.,it is known from observations 
of this fabric overprinting, but not obviously rotat~J post-emplacement features 
(microgranitoid dykes), that this deformation did not induce a significant strain within the 
main body of the pluton. If the i:nicrogranitoid enclaves are assumed to preserve pure 
flattening emplacement induced strain then this suggests that the pluton was subject to a 
northwest-southeast directed shortening of 45-50%, equivalent to a 34% northeast-
southwest directed extension, during emplacement. 
Conclusions 
The mafic enclave axial ratio finite strain measurements record an homogenous 
horizontal strain in both of the analysed populations. This has been interpreted to be a 
consequence of shortening during the emplacement process. It is suggested that the later 
solid state strain was not of sufficient intensity and homogeneity to produce such strains. 
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The values measured are similar to those recorded within other plutons studied from the 
RPSSB. 
Table 5.1 Results of mafic enclave axial ratio finite strain analyses from the Imbiricu 
pluton. 
Localities Orientations Grid References Mean Number of St. Dev. Smallest Largest 
axial analysed axial ratio axial ratio 
ratio enclaves 
CH1 Horizontal GR 90384433 2.46 40 1.52 1.04 7.62 
CB6, CC7, Horizontal GR 92984759, 2.90 17 1.35 1.17 3.21 
CE8, GR 93584770, 
CE10 & GR 90684798, 
CG1 GR 90634798 & GR 89654618 
::;':;~-----
---
----
.... : ..... ~?~~~~r.~~ofiaioshearZone······ - - ~---~--~---~---~ ... ::: ............................. . 
··································································· .......................... . 
Figure 5.11 Horizontal plane mafic enclave axial ratios from the Imbiricu pluton 
5.4.3 Fry strain 
Methodology 
wLog %Variation 
in size 
0.86 62 
0.78 47 
In this study 21 Fry strain determination/have been made at localities across the f.. 
1\ 
pluton. Each of these determinations were processed using the method set out in part 1.5.2 
and collated with other results from adjacent localities to produce a consistent and reliable 
value for the Fry strain. The small number of measurements is a consequence of the 
sparsity of outcrop, the large size and small number of phenocrysts in outcrop and solid 
state deformation; but the consistency of the results is believed to reflect the robustness of 
this relatively small dataset. The results are plotted in Figure 5.10, a summary given in 
table 5.2 and a full list of results shown in Appendix 10. 
Results 
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These data produce four principrJ populations in the horizontal outcrop plane and 
only two measurements from the vertical plane. There are a number of interesting points 
from these data: i) that there is a remarkable consistency across the pluton in the ellipticity 
of the Fry strain ellipse produced (Rs= 1.69-1.78) ; ii) that it would appear that the values 
~produced from the horizontal plane are mimicked in the vertical plane, suggesting a strong 
~ttening component to the emplacement strain; iii) that the ellipticity values are lower 
th~\those produced by measuring the axial ratios of mafic enclaves (as observed in other 
studied plutons Ardara, Atibaia, Morro Azul, Itapeti); and iv) that these values are lower 
than Jhose produced from similar measurements in the Atibaia pluton. 
} Conclusions 
~ These data suggest that the Imbiricu pluton was subject to an approximately 
flattening strain Rxz=Rvz-1. 7, equivalent to a northwest-southeast directed pure shear 
shortening of -30% and along axis extension of 20%. The values recorded by this method 
are lower than those recorded within the Atibaia pluton, which may reflect the qualitative 
observation that the magmatic fabric (which is probably dominant in producing the 
distribution of phenocrysts) is very weak throughout this pluton. 
Table 5.2 Summary table of Fry strain measurements from the Imbiricu pluton. 
Localities Grid Ref. Orientation Fry Number of Smallest Largest St. Log K-
strain analyses Fry Fry strain Dev. value 
strain 
CA2, CB2, GR 94684600, HORIZ. 1.78 4 1.50 2.13 0.26 
CH3, CH5 GR 92734633, 
GR 93704535, 
GR 92354553 
CHl, CGlO GR 93084433, HORIZ. 1.80 2 1.59 2.00 0.29 
GR9068 4850 
CE2, CE3, GR 89584 781, HORIZ 1.69 5 1.29 1.97 0.31 
CF3, CG3 GR 90784860, 
GR 89534781, 
GR 88484555 
CAll, CF4, GR 92804758, HORIZ. 1.69 8 1.21 2.18 0.38 0.16 
CB3-4, GR 91904619, 
CC7-8, COl GR 92664716, 
GR 92084788, 
GR 93284780 
CDl,CBl GR 93284780, VERT. 1.84 2 1.61 2.06 0.32 
GR 92484778 
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Figure 5.12 Horizontal plane Fry fabric strains from the lmbiricu pluton 
5.4.4 Other strain indicators 
As stated previously a heterogeneous solid state fabric overprints the Imbiricu 
pluton; This fabric becomes particularly intense along the southeast contact of the pluton. 
At one outcrop in particular (GR 96284783) there is a well preserved, intense, sub-vertically 
orientated LS-type fabric within the G 1 granite, whose lineation is sub-horizontal. In the 
XZ/horizontal plane of this outcrop there are feldspar phenocrysts which have experienced 
deformation sufficient to induce an axial ratio of 10:1 (Plate 5.23), and similarly within the 
YZ/vertical plane phenocrysts are relatively undeformed. Interpretation of these 
observations, assuming that the feldspars were initially equant and Rvz-1, suggests a local 
X axis stretching of greater than 400% along the southwest contact of the pluton. Elsewhere 
within the pluton this deformation was weak, inducing recrystallisation of quartz and 
feldspar, while often preserving their original crystal shape. In conclusion, Dn+4 was 
partitioned predominantly along the southeastern pluton contact. 
207 
........................................................................... ......... ................................................................. .!.~~.!'!!.~!:.!.~.l!:. ~.'!:~.¥..?.:.:.?. .~'!.~.P..~ '!.~I!.'!.~. 
Elongate feldspar phenocrysts along the southeastern contact of the Imbiricu pluton (GR 96554775) 
Plate 5.23 
5.4.5 Country rock strain 
A further observation of country rocks around the pluton shows strongly deformed 
rocks preserving an LS-type fabric along the southeast side of the pluton, within which no 
adequate strain markers are preserved. It can merely be stated that the ultramylonitic 
fabric within the country rocks suggests that a high magnitude of strain has been 
accommodated within these rocks, probably during multiple events. 
Along the northwest side of the pluton the country rocks preserve a regional fabric 
which generally dips moderately to the southeast ( -45°), although close to the pluton this 
dip becomes steep to sub-vertical ( -80°). Taking these data, using the equation of Ramsay 
(1967) set out in Equation 2.4 and assuming a pure flattening strain, suggests that a finite 
strain of Rxz=Rvz -5.6 was induced during the intrusion of the pluton. This is equivalent to 
a northwest-southeast directed pure shear shortening of -65%. Field observations suggest 
that this re-orientation of regional foliation took place over only the 250m closest to the 
pluton and hence may represent the creation of around 450m of space for the pluton. 
5.4.6 Conclusion and discussion 
A number of points arise from these analyses: 
1. Pluton strain - Microgranitoid enclave axial ratios from the horizontal outcrop plane 
record an homogenous along pluton axial extension. Fry fabric strain measurements 
produce similar data, albeit with smaller values. These data, taken with field 
observations of syn-emplacement sheeting, suggest that individual batches of magma 
were subject to a weak northeast-southwest directed stretching during their 
emplacement and homogenisation into the major magma body. 
208 
...................................................................................................................................................... !.~~.!.'!!.?.!:.!.~.lf..~'!:~.?1?.:.:.?..~1!:.~.P..~l!:.~?.'!:.~. 
2. Country rock strains - Estimates of strain can only be made by assuming that the 
regional foliation was deflected into parallelism with the pluton contact during 
emplacement. This technique suggests that around 500m of space could be created for 
the pluton in this way and therefore it is proposed that approximately 4.5km of space for 
the pluton must have been created using other mechanisms. 
3. Fry strains - The Fry strain values recorded within this pluton are lower than those 
recorded within the other plutons studied in the RPSSB. This result is entirely 
consistent with the very low intensity magmatic fabric observed within this pluton and 
therefore it can be unequivocally concluded that the emplacement related strain was 
comparatively low in this area. 
4. Overprinting strain - The southeastern contact of the pluton was overprinted by an 
intense solid state shear strain. This strain was predominantly partitioned into the rocks 
of this area and only weakly overprinted the remaining parts of the pluton. 
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5.5 Shear senses: the Imbiricu pluton 
5.5.1 Introduction 
Shear senses (where preserved) were analysed by making comparisons to the ideal 
situations detailed in part 1.4, the majority of determinations are made from outcrop 
observations of magmatic and solid state fabrics, although a small number have been made 
from thin sections. 
5.5.2 Country rock 
As a consequence of the very different intensities of deformation on either side of 
the pluton they are described separately. 
Southeast of the pluton 
This is the area of the pluton most strongly affected by the influence of the Monteiro 
Lobato shear zone. The fabric is intense everywhere and any small porphyroclast or 
foliation plane capable of preserving a fabric has often been too heavily deformed to easily 
facilitate the recognition of shear sense indicators . There are however a number of places in 
the outer margins of the pluton (GR 96554775), where the solid state fabric is most intense, 
and dextral asymmetric porphyroclasts, or dextral S-C fabrics can be easily identified (Plate 
5.24). Examining the vertical plane of outcrop shows that this fabric is dominantly an LS-
fabric, with no demonstrable shear sense in this orientation. The foliation plane shows the 
development of a sub-horizontal mineral stretching lineation, which leads to the 
interpretation that this solid state fabric is the result of a dextral shear. 
the southeasternmost part of the lmbiricu pluton (GR 96554775) 
Northwest of the pluton 
To the northwest of the Imbiricu pluton the country fabric away from the 
immediate vicinity of the pluton preserves only the Dn+V2 composite fabric which displays 
no evidence for shearing during emplacement. In the immediate vicinity of the pluton, 
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where the fabric has been re-orientated sub-parallel to the pluton contact no identifiable 
shear fabric from any stage during or post emplacement of the pluton can be seen. Although 
there are a few scattered localities where a sub-horizontal stretching lineation can be found 
(Figure 5.2), a feature which is regionally associated with Dn+4 dextral horizontal planar 
shear. In conclusion there are no intrusion related shear fabrics preserved within the 
country rocks. 
Conclusions 
The country rock around the Imbiricu pluton rarely exposes shear sense fabrics, 
either ones which can be related to the intrusion of the pluton or other events. When they 
can be identified, the fabrics are consistent with dextral movement, which increases in 
intensity as the Monteiro Lobato shear zone is approached. 
5.5.3 Granite 
As described previously the Imbiricu pluton preserves a relatively weak fabric 
formed in the magmatic state and a stronger solid state fabric which overprints this earlier 
fabric heterogeneously. Shear senses determined from each of their deformation 
environments are outlined below: 
Magmatic state fabrics 
The outcrops where the magmatic fabric is preserved have a very weak fabric, and 
in outcrop no preferential orientation of phenocrysts or bi-modality of fabric which might 
aid the identification of the magmatic state shear sense was seen. Thin section analysis 
showed a very low intensity fabric within which no preferential shear sense could be 
identified. 
Solid state fabrics 
As described previously solid state fabrics are present in most outcrops across the 
pluton. In general they display a deformed and recrystallised matrix around the larger 
more competent phenocrysts within the matrix. Examination of the horizontal plane shows 
in general, asymmetric porphyroblasts, S-C fabrics cr- and o-fabrics consistent with a 
dextral sense of shear (Plate 5.25, Figure 5.13a). The spatial occurrence of these fabrics is 
shown in Figure 5.13b). The foliation plane can preserve a solid state sub-horizontal 
mineral stretching lineation (Figures 5.6b, 5.7b, 5.8b), whereas the vertical outcrop plane 
shows porphyroclasts with no preferred asymmetry or other fabric. These deformation 
fabrics are interpreted to indicate that the Imbiricu pluton underwent a dextral simple 
shear deformation after the pluton had cooled to 400°C-500°C. 
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a) Contoured stereonet of poles to C-planes from across the Imbiricu pluton 
~--­
---
Figure 5.13 
---
b) Plot of observed solid state shear senses from across the lmbriricu pluton 
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Deflection of the internal pluton fabric 
Examining Figure 5.2 shows that while in general the pluton fabric is sub-vertical 
and sub-parallel to the long axis of the pluton, in the central parts of the pluton the fabric is 
rotated anti-clockwise relative to the pluton axis. Additionally this rotated fabric is 
apparently independent of whether the rocks preserve a predominantly magmatic or a solid 
state fabric. Additionally these outcrops display no preferential or intensified shear sense 
fabric. 
This fabric has been interpreted to have formed in response to regional deformation 
acting on the body at large during the emplacement of the magma and subsequently during 
deformation (Figure 5.14). Explaining this idea in more detail; regionally it has been 
observed that emplacement of the pluton was coincident with east-west directed extension 
(Chapters 3, 4, 6). If this is the case in the Imbiricu area then extension would have 
occurred slightly oblique to the present-day pluton long axis. Magma upwelling into such a 
'cavity' through dykes would be orientated perpendicular to the local extension direction. 
Therefore around the margins of the pluton the country rock foliation, into which the 
magma was sheeting, would exert a strong control on this elongation direction, inducing a 
sinistral shear as observed in other plutons from the RPSSB. On the other hand in the 
centre of the pluton it can be hypothesised that magma would be less controlled by the local 
foliation and rather more by than regional tectonics (sheeting might occur more through a 
magma conduit and less through the country rocks). As a consequence magma would upwell 
into the sites of lowest pressure, and extend sub-parallel to the pluton long axis orthogonal 
to the extension direction, and preserve the observed fabric (Figure 5.14a). 
Similarly in the solid state the pluton fabric was formed in response to dextral 
shear along northeast-southwest trending shear zones i.e. an east west directed 
compression. Therefore close to the pluton margins a shear induced reactivation of the 
magmatic fabric occurred, whereas in the centre of this undeformed body, reactivation of 
the earlier magmatic state fabric as a pure shear fabric orthogonal to the principal stress / 
would be preferential over the formation of a new overprinting fabric. In summary the 
rotation of this foliation is consistent with emplacement during extension and overprinting 
during dextral solid state deformation. 
Conclusions 
The Imbiricu pluton preserves few shear sense fabrics which can be associated with 
the emplacement of the pluton, although the internal rotation of the fabric can be 
interpreted as representing the orientation of a fabric formed during regional east-west 
directed extension. Mter the emplacement and cooling of the pluton the dextral solid state 
deformation overprinted the earlier fabric in a similar orientation and resulted in an 
heterogeneous solid state fabric being found predominantly around the margins of the 
pluton. 
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Country rock apophyses 
Around the margins of the pluton 
country rock orientation controls 
the magma fabric orientation 
In the centre of the pluton country rock 
is absent and foliation forms orthogonal 
to the extension direction i.e. in the 
direction of dyke propagation 
a) Block diagram to explain the formation of the magmatic state rotated fabric within the lmbriricu pluton 
Northeast-southwest trending fabric 
reactivated dextrally under compression 
Pure shear 'compression' fabric 
forms in the centre of the pluton 
b) Block diagram to explain the formation of the solid state rotated fabric within the lmbiricu pluton 
Figure 5.14 
5.5.4 Conclusion and discussion 
The shear sense fabrics present within an around the Imbiricu pluton suggest that 
emplacement of the pluton was accompanied by the formation of a number of different 
types offabrics: 
1. Pre-granite deformation - While it is difficult to identify unequivocal evidence of pre-
granite shearing the major Monteiro Lobato shear zone and steepened and re-orientated 
country rocks to the north of the pluton suggests deformation associated with Dn+2 
regional dextral transpression. 
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2. Emplacement of magma - In this Imbiricu area the country rocks were deformed by a 
flattening fabric during intrusion to the northwest of the pluton. Whereas within the 
pluton only a weak fabric was preserved which appears to show no preferred shear sense 
in any of the princip;: planes. Although interpreting the orientation and rotation of this 
magmatic fabric suggests that it could have formed in response to east-west orientated 
extension. 
3. Overprinting fabric - Mter emplacement of the pluton and significant cooling the 
pluton and the country rocks to the southeast of the pluton were extensively overprinted 
by a dextral planar deformation associated with reactivation of the Monteiro Lobato 
shear zone during Dn+4· 
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5.6 Emplacement kinematics of microgranitoid dykes/sheets: the 
lmbiricu pluton 
5.6.1 Introduction and methodology 
Within the Imbiricu pluton a small number of sub-vertically orientated em-scale 
microgranitoid dykes have been emplaced. They are not as prevalent as those recorded 
within the Atibaia pluton, but have been analysed using identical methods. In order to 
produce a statistically sized sample these data have been integrated to produce a single 
rose diagram for the whole pluton (Figure 5.15). 
5.6.2 Results and conclusions 
A total of 30 individual dyke orientation which came predominantly from localities 
in the northwestem part of the pluton. They show a prominent peak between 070° and 
080°, and subsidiary peaks at 000°-020° and 040°-050°. None of these dykes have 
recognisable shear senses associated with them. The two subsidiary peaks are taken to 
represent a broad population whose mean would be at approximately 025°. Therefore one 
dominant orientation is taken as being at approximately 025° and the second as being at 
075°. These results imply a Type 3 origin, where cra is orientated at approximately 140° and 
crt orientated at approximately 050°. These directions are consistent with injection of the 
microgranitoid dykes during northeast-southwest directed extension perpendicular to the 
long axis of the pluton. 
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Vector mean = 045° 
Circular St. Dev. = 43° 
Max. = 23.3% 
a) A rose diagram of microgranitoid dykes orientations from across the whole of the Imbiricu pluton 
b) a sketch map of microgranitoid dyke average orientations within the lmbriricu pluton 
Figure5.15 
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5. 7 Overprinting discrete mylonitic shear zones: the Imbiricu 
pluton 
5.7.1 Introduction 
As with other plutons studied from the RPSSB a number of sub-vertically 
orientated, discrete, em-scale mylonites were found within the pluton which; preserve an 
identifiable shear sense; occur in conjugate sets; and have inconclusive cross-cutting 
relationships. In general they have a glassy recrystallised appearance, within which 
individual grains cannot be identified, except as occasional strongly abraded and rotated o-
and a-clasts (Plate 5.26). In this pluton mylonites are not as commonly developed as in 
other plutons examined from this area, although they are more usually observed close to 
the southeastern contact, where solid state deformation is strongest and there is greatest 
proximity to the Monteiro Lobato shear zone. Examining them in thin section (Plate 5.27) 
shows: a matrix of quartz which is commuted in size and shows evidence of dynamic 
recystallisation; surrounded by highly deformed fragments of biotite and feldspar. 
Observations which suggest a formation temperature of up to 400°C, although the caveats 
to this temperature detailed in part 4. 7.1 should be remembered. The age of these fabrics is 
controversial and was discussed in part 4. 7 .1. 
5. 7.2 Methodology 
In each analysis the methods described in part 4. 7 were us, with rose diagrams 
being plotted for the mylonites present within each phase of the pluton. Subsequent 
interpretation assumed that the mylonites formed in a single event. The rose diagrams are 
shown in Figure 5.16a, band the interpreted principle stress orientations in Figure 5.16c, d. 
5.7.3 Results 
Gl 
The 29 mylonites observed from G 1 show a single broad distribution of orientations 
from 040° to 100° with a prominent mean occurring between 060° and 070°, the vector 
mean ofthe data is 067° Figure 5.16a. The dominant shear sense associated with these data 
is dextral, although many show inconclusive shear sense criteria. These data suggest an 
environment, where cr1 can be inferred as being be orientated at approximately 112° and cra 
at approximately 022o, 02 being sub-vertical. Results that are consistent with an 
approximately east southeast-west northwest orientated direction of compression (Figure 
5.16c, d) 
G2 
Far more mylonites are observed within G2 (n=113) and these show a broader and 
more complex distribution consisting of: i) a prominent peak, coincident with the vector 
218 
..... ................................................................................................................................................ .!.~~-!~'!. !:.f.~.'!: .~'!:1-..!1.?.:.:.?..~1!!..P.!.!!.l!?.'!.~. 
mean of 079°, between 070° and 090°; ii) a subsidiary peak at 150° to 170°; and iii) a minor 
peak between 030° and 050° (Figure 5.16b). The shear senses associated with these data 
demonstrate that the mylonites associated with the dominant peak always show a dextral 
shear sense, whereas those from the subsidiary peaks have a sinistral, or unidentifiable 
shear sense. Interpreting these results suggest that the data form a conjugate set whose 
princip stresses and the local anisotropy were orientated in such a way as to produce a 
dominantly dextral shear sense. By bisecting the angle between individual conjugate sets of 
mylonites it is possible to suggest that <JI must have been orientated between 120° and 
150°, and cra must have been orientated between 030° and 060°, cr2 being sub-vertical in 
orientation (Figure 5.16c, d). These data are consistent with an approximately southeast-
northwest directed direction of compression. 
Photomicrograph of the sharp boundary zone of a mylonite to the surrounding deformed granite (GR 93134680) 
Plate 5.27 
219 
..................................................................................................................................................... .!.~~.!.'!!.~!:.!.~.lf..~.'!:~.~?.:.:.?.:!~!.I!.~.P..~I!.~?.~.~-
Vector mean = 067° 
Circular St. Dev. = 20° 
Max. = 31.0% 
a) Rose diaJ<ram from G 1 
c) Map of average orientations 
n = 113 
Vector mean = 079° 
Circular St. Dev. = 40° 
Max. = 15.9% 
b) Rose diagram from G2 
d) Inferred principle compressive stress 
Figure 5.16 Analysis of dsicrete mylonites from the Imbiricu pluton 
5.7.4 Conclusion and discussion 
The Imbiricu pluton suffered a number of deformation events after the 
emplacement of the magma, the last of these was the discrete overprinting of this earlier 
fabric by the formation of em-scale mylonitic shear. The results detailed above suggest: 
1. That they were formed predominantly close to the Monteiro Lobato shear zone, in 
response to an east-southeast to southeast directed compression orthogonal to the shear 
zone itself. 
2. In this pluton a single dominant orientation is observed within each of the analysed 
populations, whereas other orientations are strongly sub-ordinate to this. Twiss & 
Moores (1992, p.l79) demonstrate that fractures will form most easily close to the 
orientation of the foliation, where the pnnr.ip(, I compressive stress has a angle of 20° to 
50° to that foliation. Hence in such a situation a dominant set of fractures forms (as 
above), but fractures at high angles to the foliations (the sub-ordinate sets above) are 
less favourable. 
3. The presence of mylonite populations orientated at a high angle and a low angle to the 
inferred princip:"<[. stresses (Figure 5.16b, d) may suggest a variability in the magnitude 
of the sub-ordinate confining stresses during formation. 
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5.8 Mapping: the Morro Azul pluton 
During this work the Morro Azul pluton and its surrounding country rock up to a 
distance of 4-5km from the pluton was re-mapped at a 1:25,000 scale. The results of this 
work can be seen in Figures 5.1 & 5.17, Map 4. Reference was also made to the regional 
map of Campos Neto et al (1983) which is redrawn in modified form and included as Map 8. 
5.8.1 Country rock 
The country rock adjoining each side of the pluton belongs to a different regional 
domain. To the northwest, and along the northern contact of the pluton are the meta-
volcano-sedimentary rocks of the Sao Roque group which were described in part 5.2.1. On 
the eastern side closest to the pluton there are exposures of strongly foliated schistose 
rocks, whose stratigraphical heritage is unclear. Further away from the granite are the 
strongly folded, sheared and sheeted rocks of the Santa Isabel gneisses considered 
regionally to be part ofthe Embu domain (Tassinari 1988). 
Southeast of the pluton 
The country rocks southeast of the Morro Azul pluton are relatively well exposed 
between the northwestern shoreline of the Jaguari reservoir and the contact of the pluton 
itself. 
Santa Isabel gneisses 
The Santa Isabel gneisses are an approximately 1.5km wide group of heterogeneous 
highly strained gneisses. They are steeply to vertically dipping and strike northeastwards, 
sub-parallel to the regional trend along the southeastern contact of the pluton and are 
composed of up to seven compositionally distinct phases (Plate 5.28). Two princip1/ phases 
are dominant within the outcrops together making up more than 75% of the exposure. 
These are medium to finely crystalline, containing mm-scale plagioclase feldspar 
phenocrysts within a matrix of quartz and mica and a composition of granodiorite to 
tonalite. Each constituent phase within the outcrops is continuous orthogonal to strike for a 
maximum of only a few metres before it is replaced by different material. Sheets of 
particular composition types may occur at a number of points across the outcrop. The 
contacts between individual types are sharp and appear to be have been initially intrusive 
in nature but have later become reoriented during deformation. The age of these gneisses 
was measured by Tassinari (1988) who recorded an Rb-Sr whole rock age of 710±30Ma and 
a poorly defined Pb-Pb whole rock age of approximately 1300Ma, which were interpreted to 
\•,. 
rePresent the metamorphic age and a possible age ofre-worki"Srespectively. 
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The rocks preserve a well developed sub-vertical foliation and weak sub-horizontal 
lineation, which is sub-parallel to the internal sheet contacts. The latest phase within the 
complex are a set of complexly folded and deformed pegmatitic dykes, consisting of coarsely 
crystalline potassium feldspar, muscovite, biotite and quartz, which appear to be 
compositionally distinct from, and probably pre-date, the intrusion of the Morro Azul 
granitoids. A strain analysis ofthese features is detailed in part 5.10.3. 
Plate 5.28 The vertical plane from the principol outcrop of the Santa Isabel gneisses (GR 80733359) 
Outcrops closest to the pluton 
Between the rocks of the Santa Isabel complex and the pluton itself a thin sliver of 
rock whose outcrops are consistent with them being part of the Sao Roque domain is 
preserved. These outcrops appear to be meta-volcano sedimentary schists and gneisses 
which strike sub-parallel to the pluton contact and have a dip which is partitioned into 
narrow zones showing moderate southeasterly dips, and more common zones ,displaying 
sub-vertical dips and, preserving a sub-horizontal mineral stretching lineation (Figure 
5.18). 
a) Contoured stereonet of poles to foliation b) Contoured stereonet of mineral stretching lineations 
Figure 5.18 Country rock southeast of the Morro Azul pluton 
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Northwest of the pluton 
To the northwest of the pluton the meta-volcano-sedimentary gneisses of the Sao 
Roque domain are easily identified. These rock generally show a moderate to low angle 
southeasterly dip and a down dip stretching lineation (Plate 5.29, Figure 5.19a, b). On 
approaching the pluton the country rocks show a different style of deformation depending 
upon their position along the contact: 
Northern end of the pluton 
The northern end of the pluton corresponds to the area where G2 is present within 
G 1. The country rock from this area has a southeasterly dip, which switches to a steep 
northwestwards dipping to upright foliation within 250m of the pluton. This suggests the 
existence of an upright antiform in this area (Figure 5.19), the attitude ofwhich suggests its 
formation in response to the intrusion of the Morro Azul pluton. 
Southern end of the pluton 
Along the southern part of the pluton regionally developed moderate angle 
southeastwards dips are preserved throughout. Except within approximately 50m of the 
pluton, where the rocks dip sub-vertically. 
North of the pluton 
There are almost no exposures of country rocks in the vicinity of the northern 
contact of the pluton. Those that are present appear to suggest the country rocks continue 
to dip sub-vertically, although the existence of a roof contact such as that present at the 
southern end of the Imbiricu pluton cannot be ruled out (Figure 5.5. ). 
Conclusions 
The rocks around the Morro Azul pluton display different characteristics depending 
upon their spatial relationship with the pluton. On the southwestern side of the pluton they 
display sub-vertical orientations and evidence of extensive ductile deformation before the 
intrusion of the pluton took place. On the northeastern side of the pluton however, the 
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rocks show a moderate angle southeasterly dip, which is steepened such that it becomes 
sub-parallel with the pluton contact, producing an identifiable fold around the northern 
portion. The northernmost contact is very poorly exposed and does not show whether a roof 
contact similar to that preserved around the southwest contact of Imbiricu pluton is present 
or not. 
a) Contoured stereonet of poles to foliation 
country rock northwest of the Morro Azul pluton, 
with a great circle which shows a fold axial plane 
trending sub-vertically at 040° 
0 
Equal Area 
b) Stereonet of mineral stretching lineations 
country rock northwest of the Morro Azul pluton 
2 3km ========--------======~ 
c) A cross section through the Morro Azul pluton (GR 87003425 to GR 80803940) 
Figure 5.19 
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5.8.2 Nature of the contact 
The characteristics of the contact itself vary depending upon which side of the 
pluton is examined. In both areas the geomorphological position of the contact can be found 
by observing a change from undulating countryside to an area of steep hills and incised 
valleys. The outcrop features of the contact are described below: 
Southeast of the pluton 
As described above, the country rocks adjacent to the southeastern contact of the 
pluton are defined by packets of moderately dipping rocks delimited by zones with a much 
more intense sub-vertical foliation. In general the contact appears sharp and can be 
delimited to a distance of less than 20m. Where it can be examined in greatest detail (GR 
82883405 to GR 83233500) it shows m-scale packages of sub-vertically foliated G1 
surrounded by similarly foliated country rocks. These sheets of granite do not appear to 
show a greatly intensified foliation relative to nearby outcrops and thus it is suggested that 
they represent intrusive material fractured off from the granite during post-emplacement 
deformation (Plate 5.30). 
Fractured portion of Gl granite incorporated into the country rocks southeast of the Morro Azul pluton (GR 
82283405) 
Plate 5.30 
Nearby outcrops of granite show an intensification of their solid state foliation on 
approaching the contact itself: an observation which is consistent with extensive solid state 
deformation taking place along this contact post-emplacement. 
Northwest of the pluton 
The outer granite contact is relatively poorly exposed along this northwestern side 
of the pluton. Where it can be observed in detail (in particular around GR 77703185 and GR 
82003810) the pluton shows a very sharp contact with the sub-vertically dipping 
surrounding rocks (country rock and granite outcrops less than 2m apart). There appears to 
be no associated granitoid intrusive sheeting and no thermal metamorphism. Within the 
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pluton itself the solid state fabric is intensified within 10m of the pluton. This is most 
noticeable around the northern end of the pluton because of the comparatively weak nature 
of the foliation in this area. In the southern part of the pluton the very intense solid state 
foliation appears to show no change intensity on approaching the outer contact. 
Northeast of the pluton 
The contact to the northeast of the pluton is not observed at any point. Its position 
has been inferred from a prominent break of slope and the geomorphological change that 
occurs in this area. 
Southwestern end of the pluton 
The southwestern end of the pluton shows a gradual thinning in the width of 
granite exposure. The continuation of slightly elevated topography suggests that it may be 
present, but not exposed further southwest of the last observed around GR 75002900. The 
country rock in this area maintains a northeast-southwest, sub-vertical orientation. 
Conclusions 
The Morro Azul pluton preserves a differing contact style depending upon position 
relative to the pluton. Along the northwestern and northern contacts of the pluton a very 
sharp intrusive contact can be observed with no extensive sheeting into the country rock, 
but with a deflection of the contact rocks into parallelism with the granite and a weak 
intensification of the solid state foliation. Along the southeastern contact the granite 
becomes heavily overprinted by a solid state foliation and the country rock shows intense, 
but partitioned, deformation. Within the country rock broken-off fragments of the granite 
are preserved demonstrating the post-emplacement nature of this event. It could be 
suggested that before the tectonism this southeastern contact would have preserved a sharp 
tectonic contact. 
5.8.3 Granite 
The Morro Azul pluton is a two-phase pluton consisting of: i) an outer G 1, present 
as a thin sliver along the southeastern side of the pluton and most commonly in the 
southern and northwestern parts of the pluton; and ii) an inner G2, which is found between 
outcrops of G2 in the northeastern part of the pluton. Each of these and their contact 
relationships are described below: 
The outer phase, G 1 
The outer phase of the pluton is well exposed and consists of a coarsely crystalline 
groundmass of potassium feldspar, plagioclase feldspar, biotite and quartz within which 
there are abundant rectangular potassium feldspar phenocrysts (Plate 5.31, 5.32) up to 5cm 
in length. Point counting of 24 thin sections to 500 points shows it to have a granitic 
composition (Figure 5.22a). 
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Examining Figure 5.17 shows that Gl is present both northwest, south and 
southeast of G2. While each of these areas shows a very similar petrographic composition 
and style of outcrop their deformation characteristics are very different (see part 5.9.2). In 
general terms, the foliation is everywhere sub-vertically dipping and strikes sub-parallel to 
the long axis of the pluton (Figure 5.20a, c). In all outcrops the phenocrysts and matrix 
show a strong alignment into this foliation, independent of whether the outcrops shows a 
magmatic or solid state fabric . Where the solid state deformation is well developed a sub-
horizontal mineral stretching lineation is commonly preserved in the foliation plane (Figure 
5.20b, d). 
Plate 5.31 Morro Azul, Gl in outcrop (GR 79943384) 
Northwestern G 1 
This area represents G 1 outcrops north and west of outcrops of G2, in this area the 
foliation has its lowest intensity. The pluton is characterised by homogenous phenocryst 
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rich exposures, containing relatively abundant microgranitoid enclaves and very rare small 
country rocks screens. The foliation in this area is a weak solid state fabric, overprinting an 
earlier magmatic fabric. 
Southeastern G 1 
This area consists of the thin sliver of G 1 which outcrops southeast of G2. Outcrops 
in this area are distinguished by a very strong solid state fabric deforming the matrix and 
phenocrysts. Additionally this area preserves a number of heavily deformed country rock 
screens, which appear to have been incorporated into the outcrop during magmatic sheeting 
sub-parallel to the foliation. 
Southern Gl 
This area comprises outcrops in the southern part of the pluton where no G2 can be 
distinguished. Exposures in this area preserve a strong solid state fabric, within which 
phenocrysts and the matrix have been extensively deformed and recrystallised. The 
intensity of this fabric is reduced as the distance from the southeastern pluton contact is 
increased. A number of microgranitoid enclaves can be distinguished in this area, but 
xenolithic fragments of country rock are rare. 
a) Contoured stereonet of poles to foliation 
northwestern and southern Gl, Morro Azul pluton 
N = 20 
c) Contoured stereonet of polr!lto foliation 
southeastern Gl, Morro Azul pluton 
Figure 5.20 
b) Contoured stereonet of mineral stretching lineations 
northwestern and southern G 1, Morro Azul pluton 
N = 12 C.l. = 2.0 sigma 
d) Contoured stereonet of mineral stretching lineations 
southeastern Gl, Morro Azul pluton 
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The inner phase, G2 
In a remarkable similarity to G2 of the Imbiricu pluton outcropping to the 
northeast, G2 of the Morro Azul pluton shows a coarsely crystalline matrix of potassium 
feldspar, plagioclase feldspar, biotite and quartz, within which is preserved rare large 
potassium feldspar phenocrysts up to 5-6cm in size (Plate 5.33, 5.34). Point counting of 12 
thin sections to 500 points, shows that this phase has an average granitic composition 
(Figure 5.22b). 
The foliation preserved within G2 shows a sub-vertically dipping planar fabric 
which strikes sub-parallel to the long axis of the pluton itself and, where a strong solid state 
fabric is preserved, a sub-horizontal mineral stretching lineation can be seen (Figure 5.2la, 
b). All outcrops show the presence of a fabric independent of whether it was formed in the 
magmatic or solid state. 
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a) Contoured stereonet of poles to foliation planes 
G2, Morro Azul pluton 
Figure 5.21 
Quartz 
b) Contoured stereonet of mineral stretching lineations 
G2, Morro Azul pluton 
Quartz 
Plagiocalase Alkali Feldspar Plagiocalase 
a) Gl b) G2 
QAPF modal composition diagram for the Morro Azul pluton (stars=individual analyses, filled square=average 
composition) 
Figure 5.22 
The contact between Gland G2 
The contact between G 1 and G2 in the Morro Azul pluton is well exposed on two 
hillside localities: One at the northwestern side of G2 (GR 83053790); and the second on the 
southeastern side ofG2 (GR 84758780). Each of these is described below: 
Northwestern Gl-G2 contact 
The northwestern contact between G 1 and G2 coincides with a prominent valley 
which trends at approximately 035° from the quarry at GR 81033565 as far as GR 
83453915. Outcrops on the western side of this valley show conspicuous development of 
large potassium feldspar phenocrysts, whereas on the eastern side the outcrops show an 
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absence of such phenocrysts, which are preserved only rarely. The outcrops around GR 
83053790 show a section through the contact (reproduced in schematic form in Figure 5.23). 
On travelling eastwards from G 1 to G2 the outcrops show: 
1. The presence of pervasive 5-6cm long rectangular feldspar phenocrysts orientated along 
the foliation direction, overprinted by a relatively intense solid state shear fabric (Plate 
5.35). 
2. Traversing 50m eastwards from these outcrops bands of phenocryst-rich material (G 1) 
are observed, divided by em-scale bands of phenocryst-poor material (G2) (Plate 5.36). 
Each of these bands, while showing sharp linear boundaries between each other, show 
slight asperities and possible material transfer along and across the contacts. This 
feature suggests that neither phase was entirely solid during their formation and is 
interpreted to represent the contacts between screens of pre-existing G 1 sheeted into by 
G2 before either was entirely cohesive enough to prevent material transfer across the 
contacts. 
3. A continuing traverse westwards shows that over the next hundred metres sheets of G 1 
become less common, and G2 becomes the dominant phase, G 1 remains present as small 
deformed ellipsoidal rafts of phenocryst rich material (Plate 5.37). This feature 
conclusively demonstrates that G2 intruded G 1. The boundaries of individual sheets of 
G2 material can no longer be distinguished in outcrop and the material is apparently 
homogenous in appearance. 
4. At GR 83253800 G2 is now homogenous (Plate 5.39) and no rafts of xenocrystic 
remnants of G 1 can be found. Also note that the contact drawn on maps is of the first 
appearance of G2, although selvages of G 1 may be present up to 300m perpendicular to 
strike from this point. 
5. Additionally the G 1/G2 contact in this area preserves a more intense solid state fabric 
than elsewhere within the pluton. It is suggested that the petrographic contacts or 
unseen structural discontinuities at depth may have been responsible for focusing this 
deformation into this area. 
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Dykes of G2 intruding Gl, 
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t 
Homogenous Gl, ~Gl becomes less common , 
until preserved only as 
elliptical rafts 
Summary log through the contact between Gland G2 around GR 83053790 
strongly foliated SOm 
Figure5.23 
Plate 5.35 Homogenous Gl granite (GR 82633530) 
Plate 5.36 Outcrop ofGl preserving sheets of intruded G2 (GR 82763674) 
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Southeastern G l·G2 contact 
This G 1-G2 contact is rarely exposed, apparently sharp, and is best examined in a 
short section around GR 84758780. A schematic log through the contact is shown in Figure 
5.24 and it is described in more detail below: 
1. The contact section begins with outcrops of G 1 material which preserve a strong solid 
state foliation. Intercalated between these outcrops are screens of strongly foliated, sub-
vertically orientated country rocks, striking sub-parallel to the pluton foliation (Plate 
5.39). 
2. These country rock screens are present on various scales along strike approximately 20m 
before an homogenous outcrop of G 1 is observed. This more homogenous outcrop shows 
an intense gneissose solid state fabric (Plate 5.40) . Up to this point G2 is observed. 
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3. This intensely deformed outcrop continues for approximately 15m perpendicular to 
strike before a prominent band of basic biotite rich material about 2-lOcm in width is 
encountered. To the southeast of this band the prominent feldspar phenocrysts 1.1 of G 1 
are common, whereas to the northwest of this band these phenocrysts are almost absent 
(Plate 5.41). This band of basic material defines the contact. 
4. Traversing further northwestwards shows no additional outcrops or xenolithic fragments 
of G 1 preserved within outcrops of G2. The solid state fabric maintains a similar 
intensity within these outcrops of G2 to that found within adjacent outcrops of Gl. 
These contact localities are interpreted to represent an area of country rock that 
was originally sheeted into by G 1, before being split by the intrusion of G2 along a very 
sharp magmatic contact. In this area G2 did not sheet across the contact zone and G 1 is not 
preserved as xenolithic fragments within G2 
Strong solid state 
NW 
j foliacioo 
ol~ ~I ~ ol ~ 1~ 0 I ~ 0 \ 1o I ~~I ;o/ ,~ ~, I~ u, I, I ~ o o oo o [ 
I ~ ol 1 "o ~~ID Do I~ I D 0 D0D D 0 I II ~ 0 0 0 0 II IDII D 
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Gl sheeted between m-scale 
country rock screens 
lOrn 
l~o ~ 0 I 
I II ~ 0 
II I 0 ~ 0
o 1 o ' 0 0 1 
I 0 I~~ I 0 ,, 
0 
ol 0 0 
em-scale basic band 
defines contact 
/ SE 
~ ~ 
I 
' 
Homogenous G2 
Figure 5.24 A summary log through the southeastern contact between Gland G2 around GR 84758780 
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Plate 5.40 
(GR 84033675) 
Conclusions 
The Morro Azul pluton consists of two intrusive phases which occur in a spatially 
and petrographically similar manner to those observed in the Imbiricu pluton a few 
kilometres to the northeast. G 1 preserves megacrystic potassium feldspars within a 
coarsely crystalline matrix, whereas G2 preserves fewer, smaller potassium feldspars 
within a matrix petrographically similar to G 1. In all localities a planar fabric , dipping sub-
vertically and striking sub-parallel to the pluton long axis is preserved. This fabric had a 
similar orientation whether it was formed in the magmatic or solid state. 
The contact localities show that G2 intruded G 1 preserving a sharp southeastern 
contact, but sheeting into its northwestern contact and subsequently deflecting that part of 
G 1 north westwards. The northwestern contact is diffuse with the transition from G 1 into 
G2 taking place over approximately 300m. Preserved magmatic crystal orientations show 
that the sheeting occurred sub-parallel to the pluton long axis and that neither phase was 
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entirely solid during the intrusion process. This type of intrusion is very similar to that seen 
within the internal contacts of the Main Donegal Granite (Price 1997). Both contacts 
preserve a strong solid state overprint of the earlier magmatic fabric, which when 
comparing the qualitative strength of this fabric to elsewhere within the pluton, appears to 
have been intensified in the contact areas. 
5.8.4 Microgranitoid stocks, dykes, enclaves and country rocks xenoliths 
Microgranitoid stocks 
Unlike other plutons studied within the RPSSB neither the Morro Azul pluton, nor 
the country rock surrounding the pluton shows the preservation of microgranitoid stocks. 
Although the preservation of the older Santa Isabel gneisses, the Buquira and Santa Luzia 
low-angle sheeted complexes to the southeast of the pluton demonstrate that this area has 
been a focus for intruding magma of a long period of time. 
Microgranitoid dykes 
The Morro Azul pluton preserves a number of micro granitoid dykes which preserve 
similar characteristics to those seen in other plutons in this area (Chapters 4, 6), although 
within the quarry at GR 81003428 some coarser pegmatitic dykes have been recorded. 
These dykes have been kinematically analysed in part 5.12. 
Microgranitoid enclaves 
Microgranitoid enclaves are relatively common throughout the Morro Azul pluton, 
although in similarity with the Imbiricu pluton there are few enclaves preserved within 
outcrops of G2. The majority of enclaves appear to consist of ellipsoidal inclusions of 
microgranitoid rather than basic composition, which are elongated and orientated within 
the princiJX~/ outcrop planes. These enclaves conform to the criteria laid down in part 1.5.1 
for their use as finite strain markers within the intruding granite magma. 
Although there are additional enclaves of a more basic composition which can be 
best observed in the quarry at GR 81003428. These enclaves occur in swarms, show poor 
alignment within the foliation plane and are often blocky, appearing to spall from larger 
dykes, and are only weakly ellipsoidal in shape (Plate 5.42). These enclaves are not used in 
strain analyses. 
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Plate 5.42 Microgranitoid enclaves present in the quarry at GR 81003428 
Country rock xenoliths 
Country rock xenoliths present within the Morro Azul occur as two separate 
populations within G 1. G2 preserves almost no xenolithic material of any sort. The two 
populations are: 
1. Xenolithic country rock screens - These features are best exposed in the 
southeastern part of G 1 (Plate 5.39), although large incorporated blocks can be seen 
within the quarry at GR 81003428. In general they are a few metres wide by up. to 10 
metres long, orientated sub-parallel to the pluton foliation and strongly deformed both 
internally and along their external margins. They have been used in part 5.11.4 to infer 
shear senses prevailing during and post-emplacement. 
2. Deformed xenoliths - In addition to these large blocks are em-scale fragments of 
country rock, which may or may not be parallel to the pluton foliation, preserving an 
internal stratification which has been folded and deformed during and after 
emplacement of the pluton (Plate 5.43). The orientations of these internal fabrics have 
been used to infer shear senses during emplacement. 
Plate 5.43 
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Conclusions 
Within the Morro Azul pluton various populations of xenolithic material are present 
within the pluton. In particular there is a large population of ellipsoidal microgranitoid 
enclaves which can be used for finite strain analysis. There are also a number of 
incorporated country rock xenoliths and screens which show internal deformation and 
simple shear fabrics sub-parallel to the pluton foliation. Many of the characteristics of 
enclaves from this area are similar to those observed in enclaves from the Imbiricu pluton. 
5.8.5 Conclusion and discussion 
The Morro Azul pluton contains two separate intrusive phases. The first a 
potassium feldspar phenocryst rich granite and the second which was sheeted into the 
northern part of the pluton an almost aphyric granite. The contact shown on either side of 
the pluton with the country rock is sharp, although the preservation of country rock screens 
within the granite on the southeastern side reflects the importance of sheeting as a method . 
of intrusion. Everywhere within the pluton there is a sub-vertically dipping foliation which 
strikes sub-parallel to the pluton long axis, independent of whether the fabric was formed 
in the solid or magmatic state. 
The country rock around the pluton was deformed by the intrusion of the pluton, 
preserving slivers of granite along the southeastern side, associated with deformation along 
the contact post-emplacement. Along the northwestern contact it has been deflected and 
folded becoming sub-parallel to the contact. Within the pluton small xenoliths of country 
rock are preserved, as are microgranitoid enclaves and small microgranitoid dykes. 
While the intrusion of the Morro Azul pluton shows a number of tectonic 
similarities to the Imbiricu pluton there are some important differences, in particular: i) the 
Morro Azul pluton is more basic than the lmbiricu pluton; ii) a fabric is present everywhere 
within the pluton and phenocyrsts are always aligned along the foliation direction; iii) the 
body obviously folds and deforms its northwestern contact rather than sheeting into it; and 
iv) the princiwl ·(northwestern) contact between the intrusive phases is very obviously 
sheeted rather than sharp. This suggests that the two plutons were emplaced in a similar 
tectonic environment, had only very slightly different magma sources, but induced 
deformation within the magma and in the surrounding rocks in different ways. 
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5.9 Deformation: the Morro Azul pluton 
In the following section the deformation fabrics preservsl within and around the 
pluton are correlated with the regional deformation sequence set up in part 3.3.4. 
5.9.1 Country rock 
As with other plutons examined from the RPSSB the deformation preserved on 
either side of the pluton varies dramatically. 
Southeast of the pluton 
Adjacent to the contact 
Examination of the fabric from this area (Plate 5.44) shows a schistose fabric within 
which quartz and mica have been recrystallised to produce a finely divided LS-type fabric. 
Occasionally this fabric develops pervasive crenulating S-C shear fabrics (see part 5.11.2). 
In thin section (Plate 5.45) this fabric shows a pervasively recrystallised fabric of quartz, 
microcline and biotite, which suggests deformation temperatures in excess of 400°C 
(Passchier & Trouw 1996). 
These fabrics are interpreted as representing an narrow Dn+2 shear zone, which 
formed before the intrusion of the granite. After the intrusion of the granite this shear zone 
was reactivated breaking off and incorporating sheets of the outer granite as a Dn+4 
structures, developing an Ln+4lineation. 
Plate 5.44 Close-up of D n+214 fabric at the southeastern contact of the Morro Azul pluton (GR 82883548) 
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Photomicrograph of Dn+214 fabric from the southeastern contact 
Plate 5.45 
The Santa Isabel gneisses 
pluton (GR 77952943) 
The Santa Isabel gneisses preserve a sub-vertical, metamorphic compositional 
(ductile) fabric (Plate 5.46). The fabric itself preserves no shear sense indicators and only 
rarely preserves a lower grade solid state mineral stretching lineation. This suggests that 
these outcrops were subject to a ductile flattening event of greater intensity, and at higher 
metamorphic grade, than any other outcrop studied in this area. As a consequence these 
fabrics are interpreted to represent a Sn+2, which pre-dates the intrusion of the granite 
plutons, since the plutons preserve no evidence of such a strong flattening, which as fluid 
bodies they might be expected to localise. This fabric was only weakly overprinted during 
later regionally lower grade, Dn+4 deformation. Thus they demonstrate unequivocally the 
development of local high strains in the RPSSB (pre-dating the granites). 
Plate 5.46 Close· up of the ductile fabric preserved within the Santa Isabel gneisses (GR 81563308) 
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Northwest of the pluton 
The country rock to the northwest of the Morro Azul pluton is defined by 
southeasterly dipping country rocks which are deflected to become sub-parallel to the 
pluton contact (Plate 5.47). These rocks do not develop a Ln+4 sub-horizontal lineation, but 
often develop an Ln+l down-dip lineation (Figure 5.19b). Thus these country rocks are 
interpreted as preserving a Dn+l fabric, which has been deflected during intrusion into a 
sub-vertical Dn+3 fabric close to the pluton. Neither Dn+2 nor Dn+4 extensively affected the 
deformation of this region. 
Plate 5.47 Sub· vertical country rock fabric northwest of the Morro Azul pluton (GR 80983224) 
Conclusions 
In conclusion the deformation of the country rocks from this area describe a 
southeastern contact which has been extensively deformed during Dn+2 deformation and 
later reactivated during Dn+4· The rocks to the northwest of the pluton on the other hand, 
preserve few fabrics related to Dn+214 and appear to preserve only local Dn+3 deflection, 
associated with the intrusion of the pluton itself. 
5.9.2 Granite 
The outer phase, Gl 
In general G 1 preserves a strong, sub-vertical fabric which is orientated sub-
parallel to the pluton long axis. Within this simple scheme there are three separate areas: 
Northwestern area 
The northwestern part of G 1 preserves the qualitatively weakest fabric of anywhere 
within the pluton. In general the matrix preserves a magmatic (Dn+3) to weak solid state 
(Dn+4) fabric within which the potassium feldspar phenocrysts show varying degrees of 
alignment (Plate 5.48, 5.49). The sub-horizontal mineral stretching lineation is not common 
in this area. Although when the outcrop foliation plane can be examined a number of 
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variably plunging magmatic lineations can be made out, suggesting some degree of bulk 
magma deformation during emplacement (Plate 5.50, Figure 5.25). 
In thin section the strength of the deformation preserved varies enormously. Some 
outcrops develop an intense Dn+4 solid state deformation showing extensive recrystallisation 
of quartz and feldspar (Plate 5.51). Whereas other sections show a much lower intensity of 
solid state deformation and appear to preserve some original magmatic crystal orientations 
in addition to weak solid state Dn+4 fabrics (Plate 5.52). 
Plate 5.48 Northwestern area GI, poorly aligned feldspar phenocrysts (GR 84734059) 
Plate 5.49 Northwestern area GI, aligned feldspar phenocrysts (GR 82103675) 
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Plate 5.50 Northwestern area G1, magmatic state feldspar lineation (GR 82333661) 
Phot~micrograph of strong solid state deformation fabrics from the northwestern area, G 1, Morro Azul pluton (GR 
80683353) 
Plate 5.51 
(GR 84734059) 
Plate 5.52 
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N=8 
Stereonet showing recorded magmatic state lineations from the Northwestern area, G 1, Morro Azul pluton 
Figure5.25 
Southeastern area 
This area is the part of the granite closest to the southeastern contact, the intensely 
sheared country rock and the Monteiro Lobato shear zone. In outcrop the granite has a 
strong gneissic texture (Plate 5.53) with rotated, abraded porphyroclasts around which 
quartz has been deformed into recrystallised ribbons forming S-C and cr- or ~-type shear 
sense fabrics, resulting in an LS-type fabric with a sub-horizontally orientated lineation 
(Dn+4). In thin section (Plate 5.54), the fabric can be seen to consist of resistant fractured 
feldspar phenocrysts, whose fractures have filled with recrystallised quartz. Around these 
phenocrysts are zones of more intense deformation where grain size has been greatly 
reduced. Biotite is extensively elongated, but not obviously recrystallised. 
Plate 5.53 Southeastern area G 1, showing intense solid state fabric (GR 82983453) 
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Plate 5.54 
Southern area 
The southern area preserves many fabrics similar to those described for the 
southeastern area. For example close to the southeastern contact it displays an intense 
(Dn+4) gneissic fabric preserving ribbon quartz and deformed phenocrysts, within an LS-type 
fabric (Plate 5.55, 5.56). Further away from the southeastern pluton contact the 
deformation reduces in its intensity. Outcrops in this area preserve a solid state fabric 
(Dn+4) (Plate 5.57), but individual phenocrysts have close to their original shape and quartz 
has not been deformed and recrystallised into ribbons. 
solid state fabric from the southern area, Gl, Morro Azul pluton (GR 74582904) 
Plate 5.55 
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the southern area, G 1, Morro Azul pluton (GR 74582904) 
Plate 5.57 Weak solid state fabric from the southern area, G1, Morro Azul pluton (GR 77233015) 
The inner phase, G2 
Examination of the G2 fabric in detail shows a wide variation in the intensity of this 
fabric. In most localities some selvage of the magmatic fabric is preserved (Plate 5.58), 
where occasionally magmatic fabric can be distinguished within a fabric defined by weak 
alignment of quartz and biotite crystals. Examination of these localities in thin section, 
shows feldspar crystals which are generally in magmatic orientation preserving an original 
internal fabric, and no recrystallisation around their margins (Plate 5.61). Biotite is 
similarly undeformed, but within the matrix it can be seen that quartz has been 
recrystallised, but does not display any particular elongated and recrystallised fabrics. 
In other localities a pervasive solid state fabric can be found. This is particularly 
true of areas close to the Gl-G2 contact, where an elongation and ribboning of quartz 
defmes a matrix within which the large feldspar phenocrysts are partially aligned (Plate 
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5.60). Additionally there are rare localities where the solid state fabric becomes locally 
intensified producing strong solid state fabrics defined by ribbon quartz and deformed and 
abraded feldspar phenocrysts. Examining thin sections of this fabric shows variable grades 
of quartz recrystallisation, crystal fracturing, and core and mantle fabrics around feldspar 
phenocrysts. 
Plate 5.59 Photo"!icrograph of preserved magmatic fabric from G2, Morro Azul pluton (GR 84133948) 
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Each of these areas of the pluton shows em-scale discrete mylonites which cross-cut the 
fabric and post-date the solid state foliation. These mylonites are preserved relatively 
homogeneously across the pluton. 
Conclusions 
Deformation within the granite has taken place in two stages the first produced a 
magmatic fabric which was orientated sub-vertically, sub-parallel to the long axis of the 
pluton with associated lineations and shear sense fabrics representing flow material 
transport during intrusion. This Dn+3 fabric has been overprinted by a heterogeneous solid 
state (Dn+4) fabric which produced variable intensity deformation during the formation of an 
LS-type fabric at an inferred temperature of 400-500°C. This solid state deformation 
becomes most intense on approaching the southeastern contact of the pluton and at the 
contacts the plutonic phases. 
5.9.3 Conclusion and discussion 
A few general conclusions are worthy of additional discussion: 
1. Contact shear zone - The intensification of the country rock fabric and the gradationttl ' 
increase in 'the strength of the solid state deformation along the plutons southeastern 
contact suggests that there is a shear zone in this area, 300-400m wide delimiting the 
boundary between the pluton and the Santa Isabel gneisses. This shear zone was 
present before the intrusion of the plutons, deforming the Santa Isabel gneisses and it is 
suggested that it was intimately associated with their intrusion dynamics. Although it 
cannot be distinguished as a separate entity further north around the Imbiricu pluton, 
which might suggest that it becomes incorporated into the larger Monteiro Lobato shear 
zone in this area. 
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2. Emplacement deformation - The pluton was emplaced forming a magmatic fabric 
sub-parallel to the plutons long axis. This wallrocks preserve an intrusion related fabric 
which extends for up to 300m from the pluton. 
3. Comparison to Imbiricu pluton - The nature of the overprinting deformation seen in 
the Morro Azul pluton is very similar to that seen in the Imbiricu pluton exposed a few 
kilometres further north. Although the magmatic state fabric, within the Morro Azul 
pluton, is qualitatively much more intense. 
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5.10 Strain measurement: the Morro Azul pluton 
5.10.1 Introduction 
In the following sections strain markers from the country rock and the intrusive 
phases have been used in an attempt to quantify the strain induced within the country 
rocks before, during and after the emplacement of the Morro Azul pluton. The first two 
sections use the measurements of mafic enclave axial ratios and the distribution of crystal 
phases to quantify the finite strain preserved within the pluton itself. The remaining 
sections use various techniques to quantify finite strain within the country rock. 
5.10.2 Microgranitoid enclaves 
Methodology 
The types of mafic enclaves present within this pluton were described in part 5.8.4, 
in the following analysis the ellipsoidal enclaves are used to determine the finite strain 
preserved within the pluton using the methods outlined in part 1.5.1. Small but spatially 
related outcrops are combined together to produce a statistically robust sample. The results 
of these analyses are given in Table 5.3, Figure 5.26a, b, c and Appendix 9. 
Results 
The principal results are: 
1. Data distribution - As a consequence of the preserved distribution of mafic enclaves, 
far more determinations could be made of the fmite strain preserved within G 1 than 
preserved within G2. Although, there is much less exposure of the vertical or foliation 
plane of outcrop which makes statistically robust determinations in this orientation rare. 
2. Flattening strain - Where obtained, K-values are generally from the flattening field 
(K<O), but appear to show a small plane strain component i.e. K-41 with the principa.l 
fmite strain axis orientated sub-vertically. This is interpreted to represent a component 
of vertical stretching/extrusion associated with emplacement. 
3. Strain gradients - Enclave axial ratios in the horizontal outcrop plane axial ratios 
show a variation. At the northernmost corner of the pluton the lowest horizontal plane 
axial ratios are recorded (Rs-1.56), but on travelling southwestwards along the body of 
the pluton this value is seen to increase reaching value of Rs-6, at the southernmost 
extremity of the pluton. These values demonstrate that the pluton becomes increasingly 
deformed as its width diminishes, which can be corroborated by the increasing fabric 
strength in these southernmost outcrops. Whereas small populations from the vertical 
plane appear show that in this orientation there was a degree of strain homogeneity. 
4. G2 strain - The distribution of the data shows that G2 preserves lower enclave axial 
ratios, and hence a lower finite strain (Rs<3 cf. Rs>3.5), than similarly positioned G1 
localities. This may be a consequence of the increased deformation and strain induced 
into G 1 during the intrusion of G2. 
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5. Shortening and extension - During emplacement the Morro Azul pluton was subject 
to a possible along axis extension of between -15% and +215% and axis perpendicular 
shortening of between 45% and 65%, during vertical extension of between 124% and 
30%. 
Conclusions 
The Morro Azul pluton preserves a more comprehensive dataset of microgranitoid 
enclaves than any other studied pluton from the RPSSB. Interpreting these data as 
representing finite strain values demonstrates that the pluton was subject to a flattening 
strain, whose X-axis was generally vertically orientated, the Y-axis was horizontally 
orientated parallel to the foliation plane and the Z-axis was orthogonal to each of these and 
the foliation plane. The finite strain in the vertical plane was relatively homogenous (R5 -4), 
whereas in the horizontal plane it becomes increasingly intensified on travelling 
southwestwards along the pluton axis. This is interpreted to be a consequence of low 
magmatic state strain at the northeastern end, and an increasing magmatic state and solid 
state strain on moving along the pluton axis. The increasing axial ratio in the southern area 
demonstrates the very intense and homogenous nature of the solid state fabric in this area. 
In the remainder of the pluton however the magmatic state emplacement related strain is 
the most dominant. 
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0 1km 2km 3km 
a) Average mafic enclave axial ratios from the horizontal outcrop plane of the Morro Azul pluton 
0 1km 2km 3km 
b) Average mafic enclave axial ratios from the vertical outcrop plane of the Morro Azul pluton 
0. 8 
0. 7 
0.6 
0. s 
0.4 
::: 
~ 30.3 
0.2 
0.1 
0.1 0.2 0.3 0.4 0.5 0.6 0. 7 
Log Y/Z 
c) A Flinn- type plot for the mafic enclave data from the Morro Azul pluton 
Figure 5.26 
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Table 5.3 
Azul pluton. 
Results of mafic enclave axial ratio finite strain analyses from the Morro 
Localities Orientations Grid References Mean Number of St. Dev. Smallest Largest axial wLog LogK- %Variation 
axial ratio analysed axial ratio ratio value in size 
enclaves 
CR10, Horizontal GR 81953525, 3.214 25 1.23 1.29 6.19 0.68 38 
CRll GR 80703773 
CK1, CK4 Horizontal GR 80093393, 4.38 32 2.49 1.07 15 1.15 57 
GR 79943384 
CK1, CK4 Vertical GR 80093393, 4.24 28 2.22 1.14 12.86 1.05 0.023 52 
GR 79943384 
CN Horizontal GR 81003428 2.66 32 3.29 1.1 17.14 1.18 123 
CN Vertical GR 81003428 4.05 21 2.36 2.10 12.57 0.77 0.43 58 
C05, C06 Horizontal GR 82083523, 3.93 38 1.58 1.86 8.21 0.64 40 
GR 82163543 
CP9 Horizontal GR84734059 1.59 29 0.52 1.05 2.85 0.44 33 
CQ1, CQ2, Horizontal GR 75482904, 6.06 11 1.86 1.14 6.63 0.77 31 
CQ8, CR1 GR 75732985, 
GR 77903170, 
GR 77233015 
CQ1, CQ2, Vertical GR 75482904, 3.67 6 0.80 2.79 5.00 0.25 0.38 22 
CQ8, CR1 GR 75732985, 
GR 77903170, 
GR 77233015 
CS7, CS8, Horizontal GR 8210675, 2.61 33 0.76 1.51 4.82 0.50 29 
CS10 GR 82383661, 
GR 81953703 
CS7, CS8, Foliation, GR 82103675, 2.44 4 1.04 1.79 4.08 0.36 0.93 29 
CS10 enclave long GR 82383661, 
axes sub- GR 81953703 
vertical 
CS7, CS8, Vertical GR 82103675, 4.23 12 3.23 1.96 11.87 0.39 0.50 76 
CS10 GR 82383661, 
GR 81953703 
5.10.3 Fry strain 
Methodology 
During this study 28 determinations of the Fry fabric strain were made from 
various localities across the pluton. These have been processed using the methods outlined 
in part 1.5.2 and collated with data from neighbouring localities to produce a consistent and 
robust value for the Fry strain. The results of these analyses are given in Table 5.4, Figure 
5.27a, b, c and Appendix 10. 
Results 
Despite their small number these data produce very consistent values for the Fry 
fabric strain preserved in localities across the Morro Azul pluton. A number of general 
points are worthy of remark, in particular: 
1. Flattening strain · As observed during measurement of preserved fmite strain using 
microgranitoid enclaves the Fry fabric strain data show a broadly flattening strain (K<l) 
whose principle preserved X-strain axis was sub-vertical, with theY-axis sub-horizontal 
and similarly contained in the plane of foliation. 
2. Lower values - As with all other measurements of Fry strain from plutons examined in 
this study the Fry strain shows a lower ellipticity than that recorded by microgranitoid 
enclaves. Although in this case the Morro Azul pluton records higher Fry Strains than 
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the Imbiricu pluton and Itapeti pluton, but lower values than those preserved and 
recorded within the Atibaia pluton. 
3. Spatial variation - There appears to be little variation in the magnitude of Fry strains 
recorded across the pluton, although at the southwestern end an increase in the 
magnitude of the horizontal plane reading can be identified. This result reflects the 
homogeneity of preserved finite strain within this pluton. Identical results have been 
recorded in other plutons from the RPSSB. 
4. Shortening and extension - If these Fry strains accurately reflect the preserved finite 
strain within the Morro Azul pluton then the pluton was subject to an average along axis 
extension of approximately 13%, a vertical extension of approximately 28% and axis 
perpendicular shortening of approximately 30%. 
Conclusions 
The Morro Azul pluton fabric preserves a finite strain which was predominantly 
homogenous, of a lower magnitude than that suggested by measurements of micro granitoid 
enclave ellipticities and flattening in nature. Similarly to the enclave data the Fry strains 
suggested that the principb.-/ finite strain axis (X-axis) was sub-vertically orientated, with a 
marginally greater magnitude than the sub-horizontally orientated Y-axis. The Z-axis was 
also sub-horizontal and orthogonal to the foliation plane and the X- andY-axes. 
Table 5.4 Summary table of Fry strain measurements from the Morro Azul pluton, a 
full table of data is given in Appendix 10. 
Localities Grid Orientation Fry strain Number of Smallest Largest St. Dev. Log 
References analyses Fry strain Fry strain K-
value 
CQ5 GR 77683040 Horiz. 2.06 1 
CQl GR 75482904 Vert. 1.48 1 0.84 
CKl, CN, GR 80093393, Horiz. 1.74 4 1.55 1.89 0.17 
C02 GR 81003428, 
GR 8103 3399 
CN GR 81003428 Vert. 3.01 1 0.99 
CMl, CM5, GR 82633530, Horiz. 1.71 6 1.48 2 0.21 
CM6, C07, GR 82853700, 
COS, CS8 GR 83053790, 
GR 81603638, 
GR 82383661 
CM5, C06 GR 82853700, Vert. 1.86 2 1.43 1.64 0.60 0.09 
GR 82103549 
C09, CP6, GR 83453915, Horiz. 1.64 5 1.40 2.07 0.29 
CUI, CU6 GR 84633630, 
GR 85633973, 
GR 85033863 .. 
CP6, CU6 GR 85033863, Vert. 2.14 2 2.07 2.16 0.10 0.54 
GR 84633630 
CT2, CT6 GR 84103573, Horiz. 1.80 2 1.77 1.83 0.03 
GR 83953650 
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a) Average Fry strains from the horizontal outcrop plane of the Morro Azul pluton 
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b) Average Fry strains from the vertical outcrop plane of the Morro Azul pluton 
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c) A Flinn-type plot for the Fry strain data from the Morro Azul pluton 
Figure 5.27 
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5.10.4 Country rock strain 
When compared to other plutons from this region the country rock around the 
Morro Azul pluton is relatively well exposed. This has facilitated the partial quantification 
of the finite strain preserved within country rocks on both sides of the pluton: 
Southeast of the pluton, The Santa Isabel gneisses 
Introduction 
As described in part 5.8.1 and 5.9.1 the Santa Isabel gneisses (Plate 5.28) are 
exposed immediately southeast of the Morro Azul pluton and consist of a set of sheeted 
granodioritic gneisses, cut through by a set of intensely folded pegmatitic dykes which made 
up the last intrusive event preserved in the pluton. These pegmatites show parallel sided 
folds which qualitatively appear to represent a strong flattening strain, in an attempt to 
quantify this fmite strain the folded layers were analysed using the t-a method described by 
Ramsay (1967, p411-412) 
Methodology 
In this technique it is assumed that the structure to be analysed formed initially 
parallel sided layers which were buckled during the formation of flattened parallel folds. 
Given that magma often intrudes along parallel sided fractures this assumption would 
appear to be valid in this case. In order to produce a value for the flattening strain induced 
it is necessary to measure, on a number of folds, from each of the princip:z./ planes of the 
outcrop: i) the thickness of the layer at the fold axis, to; ii) the perpendicular layer thickness 
on the fold limb, ta; and iii) the angle a, the dip of the fold layer (Figure 5.28). Then using 
equation 5.1, a value for the ellipticity of the 2-D strain ellipse, R can be calculated. Since 
individual pegmatites may have not been particularly parallel sided and there may have 
been enhanced material flow into the apices of the folds a large number of individual strain 
determinations were made from across the largest outcrops using the photo montages of the 
horizontal outcrop plane shown in Plate 5.62, and the vertical outcrop plane shown in Plate 
5.63. The results are detailed below, and list of the raw data given in Appendix 11. 
Sketch of the measurements required for strain determinations from a flattened layer parallel fold (after Ramsay 
1967) 
Figure 5.28 
I Equation 5.1 R2 = sin2 a/((t/to)2- cos2 a) 
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Horizontal plane exposure of deformed pegmatites within the Santa Isabel gneisses (GR 81563308) 
Plate 5.62 
Plate 5.63 Vertical plane exposure of deformed pegmatite within the Santa Isabel gneisses (GR 81563308) 
Results 
The results obtained from outcrops in the horizontal and the vertical plane show 
(Table 5.5, Figure 5.29): i) that the gneisses was subject to a predominantly flattening 
strain after the injection of the pegmatites; ii) there is a large variation within each of the 
measured populations, but that the data is clustered around the mean value. The variation 
is probably induced by measurement inaccuracies and incompetent deformation of the 
pegmatites during deformation, i.e. squeezing of magma into the axial zone; iii) these 
gneisses have undergone a minimum layer perpendicular shortening of 70%; iv) this 
shortening was primarily accommodated by extension in the horizontal plane of at least 
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150%; and v) a dominant horizontal principa./ strain axis is consistent with qualitative 
observations of the outcrops which suggest that more strain is preserved within horizontal 
plane exposures. 
Table 5.4 Mean strain ellipsoid axial ratios from the Santa Isabel gneisses. 
Mean axial ratio/ R Standard deviation Log K-value 
Horizontal 8.27 28.5 0.40 
plane XIY 
Vertical 4.52 8.82 
plane XIY 
a) Horizontal plane 
b) Vertical plane 
Ramsay (1967) t-a diagrams for folded pegmatites from the Santa Isabel gneisses (rectangles = data points, 
triangle=geometric mean value) 
Figure 5.29 
Conclusions 
The Santa Isabel gneisses were subject to an homogenous minimum layer 
orthogonal shortening of 70%, which was accommodated primarily by stretching in the 
horizontal plane. This deformation which was the last major event to affect these rocks, 
whose metamorphic age is estimated at 710Ma (Tassinari 1988); was of greater magnitude 
than any subsequent deformation identified within the pluton or its immediate contact 
rocks. Therefore it is suggested that this deformation represents an approximately pure 
shear shortening which occurred during dextral transpression associated with Dn+2 (Ebert 
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& Hasui 1992). It is the authors opinion that these gneisses represent a pure shear domain 
sandwiched between two shear zones, the dominant Monteiro Lobato shear zone to the 
south and a narrow shear zone rooted beneath the southeastern contact of the Morro Azul 
pluton which is responsible for the heterogeneous nature of solid state deformation within 
that pluton. 
Additionally this high strain deformation within this zone demonstrates that the 
major shear zone controlled deformation in this area long before the intrusion of the granite 
plutons. Therefore during and post-intrusion of the plutons the shear zones were 
reactivated. 
Northwest of the pluton 
As shown in part 5.8.1 the country rocks to the northwest of the pluton have been 
folded and deformed in response to the intrusion of the pluton. In this section two estimates 
of the strain preserved within the country rocks will be made. The first from the folded 
rocks at the northern part of the pluton, and the second from the deflected rocks in the 
westernmost area. 
Restoration of cross sections 
In Figure 5.19c a scaled cross-section has been drawn through the country rocks 
along the northwestern contact of the pluton. This shows the existence of an upright 
synformal structure at the pluton contact, whose axial plane is situated approximately 
300m from the pluton contact and which first begins to steepen the regional southeastward 
dipping foliation at 2.2km from the pluton contact. 
Using this data an attempt was made to restore this cross-section to its pre-
intrusion orientation assuming a regional southeastward dip of 25°. This showed that the 
fold may represent approximately 1.2km of northeastward directed shortening (35%) 
associated with intrusion. Although the lack of good marker beds and the possibility of pre-
intrusion folding associated with transpression in this area and their possible effect on the 
accuracy of this result should be borne in mind. This amount of space creation would be 
sufficient to accommodate 30% of the lateral space required for intrusion of the Morro Azul 
pluton. 
Deflection of country rocks 
In this section Equation 2.4 is used to estimate the magnitude of strain required to 
deflect the southeastwards dipping country rock into a sub-vertical orientation and the 
associated space creation that might take place, assuming an applied princiJXLI stress 
orthogonal to the pluton contact and an acute angle of deflection. The results are detailed in 
Table 5.6 and show a wide variation depending upon the dip of the country rocks at the 
contact. The specific values quoted for space creation in the aureole may be slightly 
misleading, but interpreting these data in a general way shows a reduction in the strain 
accommodated within the country rocks on travelling southeastwards along the pluton 
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contact. A result which is consistent with qualitative observation from along this contact 
which suggest the greatest emplacement related deformation occurred around the 
northernmost contact area. Additionally it should be noted that even the largest values of 
space creation quoted would be insufficient to accommodate the entire lateral extent of the 
pluton. 
Table 5.6 Estimates of contact strain associated with country rock deflection around 
the northwestern contact of the Morro Azul pluton. 
Grid Country rock Contact zone Deflection Width of Approx.% Estimated 
Reference regional dip dip strain, R contact shortening pluton space 
zone/m created/m 
Fold area, 25° 85° 24 300 88 2100 
GR 380818 
Road section, 40° 74° 4.45 250 64 450 
GR 804358 
Southern 6Qo 74° 2.01 50 38 80 
contact, 
GR 777318 
5.10.5 Qualitative estimates of strain 
In this section some inferences on the finite strain preserved within and around the 
pluton are made using the observations detailed in parts 5.8 and 5.9. 
1. That the solid state deformation in the southwest of the pluton (south of Grid Line 32) 
becomes pervasive and relatively homogenous, showing its most intense fabrics along 
the southeast contact. The fabrics from the southeast contact show the shear induced 
boudinage of feldspar phenocrysts, which is estimated to represent a extension of at 
least 50% (Plate 5.64). This increase in fabric strength is corroborated by large enclave 
axial ratios in the horizontal plane. 
2. The G 1-G2 contact shows a localised increase in intensity of solid state strain which 
shows elongation of feldspar phenocrysts of up to 100% (Plate 5.65) which may take 
place in response to the rheologicaVcompositional contrast in this area 
3. The intensity of the solid state fabric in the remainder of outcrops is much weaker and 
probably represents only a very small component of any recorded fmite strain values. 
Therefore the majority of strain reflected by the fabrics was induced in the magmatic 
state. 
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Plate 5.64 Boudinage of feldspar phenocrysts during dextral solid state deformation (GR 79963224) 
5.10.6 Conclusion and discussion 
During this study it has been possible to use a variety of finite strain measurements 
within the country rock and the pluton phases themselves. This results in the following 
conclusions: 
1. Flattening strain - As with other plutons from this region the Morro Azul pluton 
records a dominantly flattening strain within the intrusive phases themselves (using 
both Fry strain and enclave ellipticities as measurements). The microgranitoid enclaves 
in particular record a higher magnitude strain than observed elsewhere which may 
reflect the more 'forceful' nature of intrusion in this area. The relatively low solid state 
strains within the majority of the pluton suggests that the preserved finite strains are 
generally magmatic in origin. 
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2. Vertically orientated X-axis - In both measurements of the preserved granitoid finite 
strain the principle fmite X-strain axis is vertically orientated, indicating that during 
intrusion there was a predominance of vertical stretching over horizontal lateral 
extrusion. This feature may demonstrate that during intrusion local space creation 
mechanisms facilitated vertical extrusion over its horizontal counterparts. 
3. Space creation - Various estimates can be made for the amount of strain induced 
through deformation and deflection of the country rock. Converting these values into 
estimates of created space suggests that no more than 30% of the width of the pluton 
could have been made through external deformation, and that additional processes are 
required to account for the majority of the pluton volume. 
4. Fry strains - Estimates of Fry strains are much lower than the fmite strain estimates 
made from mafic enclave axial ratio measurement, although they display similar 
characteristics. This may be a consequence of initial axial ratio of the enclaves or the 
problems associated with the measurement of Fry strains examined in Part 8.5. 
5. Transpressional domains - It appears that parts of the area adjacent to the Morro 
Azul pluton were subject to extensive ductile transpressional deformation during the 
Dn+2 event. The magnitude of the pure shear strains associated with this deformation 
were greatly in excess of those induced during any subsequent deformation event. This 
demonstrates the pre-granite inception of the shear zones. This conclusion can be 
extended on a regional basis to suggest that all the shear zones associated with the 
studied granites existed before the intrusion of the plutons, and therefore that: i) 
emplacement of the plutons is probably genetically related to these shear zones; and ii) 
that their subsequent deformation is a post-intrusion reactivation of these zones. 
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5.11 Shear senses: the Morro Azul pluton 
5.11.1 Introduction 
Within the Morro Azul pluton and the surrounding country rocks there are a 
number of specific shear sense indicators which can be interpreted by comparison with the 
ideal situations defined in part 1.4. These are detailed below: 
5.11.2 Country rock 
As with all other aspects of the pluton th~ deformation fabrics present m the 
country rock vary depending upon which side of the pluton is observed. 
Northwest of the pluton 
To the northwest of the Morro Azul pluton the country rock generally preserves a 
flattening fabric associated with deformation during intrusion of the pluton and deflection 
of the regional fabric . Although in a single locality (GR 85434085) at the northernmost 
extremity of the pluton an outcrop of vertically dipping metabasite is observed (Plate 5.66) 
which contains quartz filled tension gashes which record a sinistral shear sense. This 
structure is interpreted as representing a country rock expression of the D n+3 pluton 
intrusion event. 
Southeast of the pluton 
The country rocks to the southeast of the pluton preserve LS-type dextral shear 
sense fabrics (Plate 5.67) almost identical to those observed around the Imbiricu pluton 
further north, and are not discussed further. 
Sinistral quartz filled tension gashes at the northernmost extremity of the Morro Azul pluton (GR 85434085) 
Plate 5.66 
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(GR 83303481) 
Plate 5.67 
Conclusions 
Exterior to the pluton the majority of preserved shear sense fabrics record planar 
dextral deformation associated with post-emplacement deformation of the country rocks. 
Although around the northern contact of the pluton it is possible to recognise tension 
gashes which demonstrate sinistral deformation interpreted to be contemporaneous to 
pluton intrusion. 
5.11.3 Granite 
Shear sense from both the magmatic and solid state are described below: 
Magmatic state fabrics 
As described in part 5.9.2 above there are only a very few small vestiges of the 
magmatic fabric preserved and within these the magmatic state shear sense is often 
difficult to identify. Those that can be observed consist of two types: i) sinistral bimodal 
fabrics (Plate 5.68); or ii) tiling relationships within phenocryst rich outcrops. However only 
a single unequivocally sinistral bimodal fabric could be identified in thin section. As a 
consequence of the lack of vertical exposure the shear sense in the vertical plane is difficult 
to observe, in outcrop, and no equivocal shear sense fabrics could be identified. In thin 
section however tiling fabrics which suggest a pluton centre up sense of shear have been 
observed in two close to prestine sections from the northernmost corner of the pluton. 
Examining the stereonet of magmatic state lineations (Figure 5.25) shows a variable 
plunge, suggesting that magmatic simple shear may take place during material transport in 
a number of directions during emplacement. Whilst this would vary depending upon 
position within the pluton, it does demonstrate a component of vertical plane strain during 
the pluton intrusion process. A sketch block diagram of the location and inferred magmatic 
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state shear senses is shown in Figure 5.30. Interpreting this small number of data suggests 
uplift ofthe centre of the pluton in response to magma injection during a sinistral shear. 
pluton (GR 85033902) 
Sketch block diagram of the distribution and sense of magmatic state shear fabrics from the Morro Azul pluton 
Figure 5.30 
Solid state fabrics 
Solid state shear sense fabrics within this pluton are very similar to those preserved 
further north in the Imbiricu pluton. These are entirely dextral, associated with the LS-
type fabric produced during this deformation (Plate 5.69, 5.70 and Figure 5.31). 
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Plate 5.69 Dextral solid state shear sense fabric from the Morro Azul pluton (GR 84103573) 
Photomicrograph of dextral solid state shear sense fabrics from the Morro Azul pluton (GR 75482904) 
Plate 5.70 
Figure 5.31 Contoured stereonet of poles to C-planes from the Morro Azul pluton (compare with poles to 
foliation planes in Figure 5.20a, c) 
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Conclusions 
The granite itself preserves two generations of shear sense fabrics the first from 
magmatic state deformation of the pluton which shows horizontal sinistral shear associated 
with pluton centre-up. Subsequently the pluton was overprinted by a dextral planar shear 
as seen in all the other plutons from this region. 
5.11.4 Other shear sense indicators 
Occasionally incorporated within the Morro Azul pluton are foliated screens of 
country rock which are sub-vertically dipping, oblique or sub-parallel to the pluton foliation. 
These screens incorporate minor folds (Plate 5.43) which have a characteristic 
southwestward sense of vergence (Figure 5.32), demonstrating formation during a sinistral 
shearing event. Although it is possible that the genesis of these folds could be the result of 
country rock deformation before incorporation, the presence of crenulating southwesterly 
verging folds sub-parallel to the pluton fabric at GR 82163543, suggests that shear induced 
compression caused buckling of the country rock while the xenolith was hot and weak 
before the pluton had completely cooled. In every case the deformation of these xenolith 
appears to have been in the high temperature ductile state and there are no later cross-
cutting lower temperature fabrics. 
Additionally in the large quarry at GR 81003428 an incorporated country rock 
xenolith can be observed which shows a ductile down to the east sense of shear along slip 
surfaces within the xenolith itself. Whether this represents a bulk magma deformation or 
local stoping of the country rock block itself is unknown, but it demonstrates a hot ductile 
magmatic state process since the pluton is only very weakly overprinted by the solid state 
fabric in this area. If it represents a magmatic flow it suggests a pluton centre down sense 
of shear in this area: in contrast to the shear fabrics observed within the magmatic state 
fabric itself. 
• Average granite foliation 
• Minor fold axes 
Figure 5.32 Stereonet of minor fold axes compared to average foliation direction, the Morro Azul pluton 
268 
..................................................................................................................................................... .!.~~-!.'!':.?.~:.!.~.lf..~'!:~.¥.r:.ccr:..~l!.~.P.!.I!.~r:.~.~-
5.11.5 Conclusion and discussion 
The intrusion of the Morro Azul pluton was associate with a number of shearing 
events of various styles which are summarised below: 
\ 
1. Pre-granite deformation - As with all other plutons studied in this area shear senses 
associated with deformation before the intrusion of the pluton cannot be unequivocally 
proved in this area, although the presence of the Santa Isabel gneisses and quantifying 
their deformation demonstrates that transpressional deformation occurred in this area 
before the intrusion of the plutons. 
2. Emplacement of magma - Magmatic state shear sense can be identified in a number of 
places across the Morro Azul pluton, most commonly in the northernmost parts where 
the overprinting solid state fabric is at its weakest. These magmatic fabrics and other 
shear sense indicators in the country rocks and xenoliths (which are interpreted to 
represent contemporaneous deformation) demonstrate that sinistral shear was taking 
place in the horizontal outcrop plane. The vertical plane deformation is more complex to 
determine and shows evidence of pluton centre-up and pluton centre-down magmatic 
shear fabrics. 
3. Overprinting fabric - After the emplacement of the pluton and significant cooling of 
the intrusion the pluton underwent a dextral solid state overprinting. The fabric 
associated with this deformation is concentrated along rheological or compositional 
discontinuities along and around the pluton and appears to have been controlled by a 
spur of the Monteiro Lobato shear zone which runs sub-parallel to the southeastern 
contact of this pluton. 
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5.12 Emplacement kinematics of microgranitoid dykes/sheets: the 
Morro Azul pluton 
5.12.1 Introduction and methodology 
As with the other studied plutons from this region the Morro Azul preserves a 
number of sub-vertically orientated, em-scale microgranitoid dykes or sheets, which show 
consistent preferred orientations and a composition which is qualitatively similar to that of 
the pluton itself. The following section outlines the preferred orientations of these features, 
in an identical manner to that described in part 4.6, with a division being made depending 
upon which part of the pluton they came from. 
5.12.2 Results 
In order to examine any variation with orientation around the pluton the pluton 
was divided into three areas as follows: Southern area - area of the pluton southwest of a 
northwest trending line from grid reference GR 830340; Central area - area of the pluton 
northeast of the Southern area, but southwest of a northwest trending line from grid 
reference GR 850370; Northern area - the remaining northeasternmost parts of the pluton. 
The orientations and interpretation of the microgranitoid dykes from these various areas 
are detailed below (Figure 5.33): 
Southern area 
The southern areas preserves the largest number of microgranitoid dykes observed 
anywhere within the pluton (n=22). These structures when plotted on a rose diagram 
(Figure 5.33a) show a single broad peak between 010° and 050°, coincident with the vector 
mean of the data at 033°. Examination of individual dykes showed no preserved shear 
senses associated with intrusion or later deformation. Therefore these data are interpreted 
as Type 1 (see part 4.6.2), where the dykes were intruded perpendicular to <J3. Therefore <J3 
is interpreted to have been orientated sub-horizontally trending at 123°, and <J1 and cr2 
orientated othogonally within the plane of the dykes. 
Central area 
Only a small number of microgranitoid sheets were observed in this area (n=7) 
these show a relatively broad distribution, although the majority of the data is between 
010° and 070°, with a vector mean at 043° (Figure 5.33b). Examining individual dykes 
suggests that there is no predominant shear sense associated with emplacement. As a 
consequence these data are interpreted to represent Type 1 dykes. In such case <J3 would be 
sub-horizontal trending approximately 133°, with <J1 and <J2 contained in the plane of the 
dyke itself. 
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Northern area 
No microgranitoid sheets are preserved anywhere in the northern part of the Morro 
Azul pluton, this portion of the pluton remained passive with respect to this intrusion 
phase. 
5.12.3 Conclusion and discussion 
In this pluton these dykes are intruded approximately sub-parallel to the long axis 
of the pluton (Figure 5.33c) and preserve no internal shear fabrics. Therefore the dykes 
have been interpreted as forming during an extensional stress approximately orthogonal to 
the regional structures in this area. The observation that these dykes predominate in the 
southern half of the pluton suggests that the extension was most prevalent in this area, and 
was not accommodated in the northern portion of the pluton. 
n = 22 
Vector mean = 033° 
Circular St. Dev. = 21° 
Max.= 27.3% 
a) Rose diagram of microgranitoid dykes 
Central area, Morro Azul pluton 
0 1km 2 km 3 km 
Vector mean = 043° 
Circular St. Dev. = 33° 
Max. = 28.6% 
b) Rose diagram of microgranitoid dykes 
Southern area Morro Azul pluton 
c) Sketch map of princiJ..cl microgranitoid dyke orientations and inferred extensional stresses during their 
emplacement, Morro Azul pluton 
Figure 5.33 
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5.13 Overprinting discrete mylonitic shear zones: the Morro Azul 
pluton 
5.13.1 Introduction and methodology 
Similarly to the other studied plutons from the RPSSB there are a large number of 
discrete, em-scale mylonitic shear zones preserved in various localities across the Morro 
Azul pluton (Plate 4.71). In the following section they are analysed in a manner identical to 
that detailed in part 4.7. 
Plate 5.71 Discrete mylonite from the Morro Azul pluton (GR 82983453) 
5.13.2 Results 
Southern area 
The Southern area of the pluton preserves mylonites (n=25) with a very well 
developed mean value orientated at 170°-190° (Figure 5.34a). Although there is a 
subsidiary, but significant population orientated between 070°-090°. The shear senses 
associated with the either of these data groups appear to show no consistent orientation, 
with dextral and sinistral shear sense fabrics being found in all orientations. As a 
consequence of this lack of consistency within the data it is impossible to make any valid 
interpretation as to the dominant princip~ l stresses prevalent in this area during their 
formation. 
Central area 
The Central area of the pluton preserves a large number of discrete mylonites 
(n=76) which describe a bimodal distribution (Figure 5.34b). The largest peak of this 
distribution is found in the region of 020°-030° and the second peak in the interval between 
140°-170°. Examining the shear senses associated with these data shows that dextral shear 
senses occur associated with mylonites with an orientation of approximately 025°, whereas 
mylonites with an average orientation of 155° preserve sinistral shear senses. Interpreting 
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these data as a conjugate set would make cr1 orientated at 090° and 0"3 at approximately 
180° in the horizontal plane, cr2 would be sub-vertical. 
Northern area 
The outcrops from the northern area also preserve a large number of discrete 
mylonites (n=67). They show (Figure 5.34c) two adjacent peaks within the dataset; the first 
between 010°-020°, and the second between 030°-050°. The vector mean of the data is 034°. 
Examining the shear senses associated with these data suggests that they describe two 
separate populations, the first with a sinistral shear sense along -015°, and the second with 
a dextral shear sense at -040°. Interpreting these data as a conjugate set suggests that cr1 
would be orientated at 118° and 0"3 at 028° in the horizontal plane during formation of these 
features, cr2 being sub-vertical. 
Vector mean = 015' 
Circular St. Dev. = 34' 
Max.= 36.0% 
a) Southern area 
n = 76 
Vector mean = 020' 
Circular St. Dev. = 44' 
Max. = 18.4% 
b) Central area 
vector mean = 034' 
circular St. Dev. = 35' 
Max. = 17.5% 
c) Northern area 
Figure 5.34 Rose diagrams of discrete mylonite orientations from the Morro Azul pluton 
5.13.3 Conclusion and discussion 
These mylonites which can be seen to cross-cut and post-date the solid state fabric 
within the Morro Azul pluton are present in many areas throughout the pluton. Examining 
their orientations suggests that (Figure 5.35): 
1. They were formed in response to an east-west directed local compressional deformation. 
2. These data produce a less defined and more complex dataset than has been observed in 
other plutons from the RPSSB. The reasons for this are unknown. 
3. There are high angles (>45°) between the principcJ compressive stresses and the fracture / 
orientations. A number of possible reasons for this were explained in part 4. 7, in this 
case these mylonite fabrics could have formed in response to any of these scenarios, but 
in the authors opinion the preservation of east-west orientated compression direction 
from the majority of the studied plutons in this area suggests that these mylonites 
formed in response to a strongly confined compression which was primarily 
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accommodated along the existing (therefore weaker) shear zones and their adjacent 
rocks without nucleating additional structures. 
0 1km 2 km 3 km 
a) Average discrete mylonite orientations from the Morro Azul pluton 
0 1km 2 km 3 km 
b) Inferred principd/ compressive stress orientations for discrete mylonites from the Morro Azul pluton 
Figure 5.35 
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5.14 Dykes or diapir? 
5.14.1 The Im.biricu pluton 
Although the Imbiricu pluton could be approximated to a sub-circular shape 
consistent with intrusion as a diapir it preserves none of the other features normally 
understood to be consistent with intrusion as a diapir. For example there are no pluton up 
kinematics, no prolate strains, there is no centre margin zonation, there is no sub-circular 
foliation and there are no vertically orientated stretching lineations. In fact the field 
evidence is highly consistent with intrusion along dykes. Since there are granite dykes 
intruded sub-parallel to the foliation in the wallrocks, a petrographic zonation sub-parallel 
to the supposed conduit (the Monteiro Lobato shear zone)~~o~e cryptic magma sheets 
within G2 and G2 magma sheets present within G 1. All of which suggest sheeting/dyking 
during emplacement. As a consequence the Imbiricu pluton is interpreted to have emplaced 
by sheeting of magma along the existing regional structural discontinuity (Monteiro Lobato 
shear zone) before homogenisation after emplacement 
5.14.2 The Morro Azul pluton 
Whereas the Imbiricu pluton preserved at least some of the shape criteria required 
to explain intrusion through diapiric processes, the Morro Azul pluton is a wedge-shaped 
pluton that is strongly elongate along regional strike. Similarly, there are no vertically 
orientated lineations, no prolate strains, no centre-margin petrographic zonation and no 
pluton-up kinematic indicators within the wallrocks. Although inside the pluton itself there 
magmatic state shear senses that can be observed display a pluton centre-up sense of shear, 
but on balance it seems as though diapiric ascent during emplacement of this pluton is 
unfavourable. Indeed there is a much larger body of evidence to suggest that emplacement 
of the pluton was facilitated, by sheeting into the country rock, preserving wallrock 
xenoliths within the pluton itself, followed by subsequent intrusion of a second phase by 
sheeting along the internal contact. In such a situation the pluton-up kinematics recognised 
are merely a function of the supply of magma preferentially towards the centre of the 
pluton. 
5.14.3 General conclusions 
The statements in the previous two parts demonstrate that these two plutons, both 
intruded close to a similar regional structure show a similar emplacement history. Showing: 
i) sheeting into the country rock; ii) emplacement of a feldspar phenocryst rich G 1; iii) the 
splitting of this early phase by sheeting of a feldspar phenocryst poor G2; and iv) during 
development of a magmatic fabric and later overprinting by a solid state fabric which had a 
similar shear sense in both plutons. As a consequence it is suggested that both these 
plutons were emplaced approximately coevally, by dyking from a similar but not identical 
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source ascending along different points of a similar conduit. Field evidence suggest that the 
Monteiro Lobato shear zone or associated shear zone splays of that major structure 
probably controlled the siting and ascent ofthe magma and its later deformation. 
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5.15 Emplacement and deformation 
5.15.1 A sequence of events 
In the following section a possible series of tectonic events responsible for the 
intrusion of these plutons is made on the basis of the data described in the preceding 
sections: 
1. Initial scenario - As described in Chapter 3 this area was subject to. an east-west 
directed transpressional crustal thickening during the Brasiliano orogeny, which was 
responsible for the generation of the regional low-angle fabric and its cross-cutting by 
high angle shear zones (Dn+l/2). It was into this environment that the Morro Azul and 
Imbiricu plutons were emplaced. 
2. Initiation of ascent and emplacement - As described in the previous section this 
area was subject to a dextral transpression before the intrusion of the granitoid plutons. 
In such and environment the areas around these plutons would have been subjected to 
intense contraction related deformation. Despite this the plutons themselves 
demonstrate that during emplacement there was only a very weak induced fabric which 
is consistent with. sinistral shearing in the horizontal outcrop plane (Figure 5.36). 
' 
Thereby suggesting princip:~/ stress orientations consistent with a component of east-
west extension, such an extension associated with a major structural discontinuity 
(shear zones) would be a low-pressure, pull-apart site that could penetrate a magma 
source at depth and promote ascent, with the shear zone acting as the magma conduit. 
Such ascent would continue providing that, either the magma retained sufficient 
internal pressure to deform the pre-existing magma and the surrounding country rock, 
or sufficient space was being created for the magma itself. The preservation of magma 
sheeting within the country rocks and the pluton itself proves unequivocally that magma 
emplacement occurred as a result of the supply of magma through dykes. 
3. Continued magma ascent and emplacement - The compositional homogeneity, 
comparatively low intensity of the magmatic fabric and intrusion related deformation of 
the country rock suggests that space was being created for the magma almost as fast as 
it was being supplied and that it took place in two stages. The Morro Azul pluton 
however displays a stronger magmatic fabric and more 'forceful' deformation of the 
country rock indicating that tectonic space creation in this area (possibly because of the 
thinning of the pluton cavity) was probably slower than in the almost isotropic Imbiricu 
pluton further north. 
4. Granitic magma source - While the pluton is believed to be source from melting of an 
lower crustal protolith the field evidence allows some general comments about the 
distribution of magma at depth to be made. In particular: i) that the presence of these 
two plutons of qualitatively similar composition spaced along strike indicates the 
presence of a laterally continuous homogenous source; ii) each of these plutons probably 
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tapped this source at different points, before ascent along separate conduits associated 
with the major shear zone in this area; iii) evolution of this source through time is 
reflected in the compositional variation seen between the two intrusive phases. 
5. Post-emplacement magmatic activity - Mter the intrusion of the majority of the 
pluton magma a number of em-scale microgranitoid dykes were emplaced within each of 
the plutons, the orientations and fabrics associated with these features demonstrate 
their intrusion during continued axis orthogonal extension. 
6. Post-emplacement tectonic activity - Following the intrusion of the microgranitoid 
dykes the pluton cooled and was overprinted by an horizontal dextral shear, induced by 
reactivation of the shear zones along the southeastern contact of the pluton. 
7. Formation of discrete mylonites- Overprinting and cross-cutting the solid state and 
earlier magmatic state fabric the Morro Azul and Imbiricu plutons contain discrete 
mylonites. The particular orientation and conjugate nature of these fabric demonstrate 
their formation during confined compression locally orientated perpendicular to the 
major structures in this area. 
5.15.2 Pluton shape 
The Imbiricu pluton 
The Imbiricu pluton displays a lozenge shape with an axial ratio of Rs-1. 7 and 
sharp sub-vertical contacts at the northwestern and southeastern edges. Although at the 
southwestern edge a supposed roof contact is preserved (Figure 5.5), whereas at the 
northeastern edge an elongate country rock apophysis intrudes the contact. As a 
consequence the pluton shape is interpreted to be formed from a horizontal planar section 
through an arcuate pluton roof (Figure 5.5), which contained subvertical country rock 
screens and deflected country rock. It is suggested that the magma body is semi-continuous 
underneath the southwestern contact, and related to the Morro Azul pluton observed to the 
southwest. 
The Morro Azul pluton 
The Morro Azul pluton preserves a wedge shape which tapers southwestwards 
along strike. Its contacts are steep with the surrounding country rock and appear to have 
formed in response to a flattening deformation. At its northern edge the contact is 
unexposed, but is of similar width and sub-parallel to the Imbiricu contact exposed to the 
northeast. As a consequence of these features the pluton shape is interpreted to have 
formed as magma intruded into an wedge-like extensional zone within the crust. Extension 
took place preferentially in the northern part associated with making space for the Imbiricu 
pluton. In the southern section extension was smaller and the magma intrusion was 
confmed. The intense solid state shear (enclave axial ratio =6) strains affecting the 
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southern may have also been responsible for additional elongation of the pluton 'tail' in this 
area. 
I . 
Figure 5.36 East-west directed extension inducing sinistral shear during the intrusion of the Morro Azul 
and Imbiricu plutons 
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5.16 Conclusions 
5.16.1 The Imbiricu pluton 
The Imbiricu pluton is a two-phase pluton, spatially associated with the continental 
scale Monteiro Lobato shear zone. It shows a sub-vertical fabric, and an homogenous 
emplacement related strain. This was a qualitatively weak magmatic fabric with no 
recorded associated shear sense that was overprinted by a ductile horizontal planar dextral 
solid state deformation which was partitioned into the country rock and outer margins of 
the pluton itself. Examination of the magma and country rock fabrics and the quantification 
of the finite strain preserved suggests that the country rocks accommodated .approximately 
; i sf-.~ •. .tobnc . . . ' . 
500m of the space required for the pluton, whereas them,~,-,,Lc o'\ /suggests northwest-
,, 
southeast directed internal shortening of up to 50% during emplacement. This suggests 
that while the pluton preserves an emplacement strain the country rocks do not preserve 
sufficient emplacement related deformation to accommodate the pluton. 
These results have been interpreted to show that emplacement of the pluton took 
place during a regional extensional deformation episode (Dn+a). During this event magma 
was intruded, sub-parallel to the country rock foliation under its own pressure into a 
magma filled 'cavity', exerting deformation onto the surrounding country rocks. As a 
consequence of the confining effect of the country rocks, a magmatic fabric and 
emplacement induced fmite strain were recorded by the magma itself. The intensity of this 
intra-pluton deformation was probably controlled by how much the rate of magma injection 
exceeded the rate of space creation. The presence of two individual homogenous pluton 
phases suggests that injection took place rapidly in two distinct events. 
5.16.2 The Morro Azul pluton 
The Morro Azul pluton shows many features which are similar to the Imbiricu 
pluton such as the bi-modal outcrop (which is compositionally similar to the Imbiricu pluton 
and similarly homogeneous) and the sub-vertically dipping fabric sub-parallel to the pluton 
long axis. The pluton was emplaced by sheeting into the country rock surrounding the 
pluton before coalescing into an homogenous magma body, occasionally incorporating some 
of this country rock material. Into this early phase G2 was intruded by sheeting along the 
contact before G 1 was entirely solidified and hence there is evidence for fluid exchange 
along some of these dyke contacts. 
The strain associated with intrusion is remarkable for showing a predominance of 
thl!_ 
vertical stretching, which suggests thatjintrusion may have had a greater component of 
lateral confinement than elsewhere within the RPSSB. The strain induced into the 
wallrocks may, at least in some areas, have been significantly higher than elsewhere in the 
RPSSB. The shear senses associated with this intrusion are sinistral in the horizontal plane 
and variable in the vertical plane. After intrusion the pluton was overprinted by a planar 
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dextral shear which was most intense along rheological or compositional discontinuities and 
becomes highly pervasive and intense towards the southeastern end of the pluton. 
These data demonstrate that the pluton was sourced from a similar magma to the 
Imbiricu pluton, but was intruded more forcefully recording a greater intrusion strain 
within the pluton i.e. space creation in the wallrock remained minimal, during a regional 
east-west directed extension although the rate of magma supply was much greater than the 
rate of tectonic space creation. Later deformation overprinted this fabric during dextral 
reactivation of the major shear zone along the southeastern border of the pluton. 
5.16.3 General conclusions 
The features of the Morro Azul and Imbiricu plutons also demonstrate some more 
general considerations: 
1. Structural architecture - The preservation of an older transpression domain close to 
the southeast contact of the Morro Azul pluton demonstrates that there was extensive 
transpression before the intrusion of the plutons, and most importantly that the shear 
zones existed before the emplacement of the plutons. This demonstrates the genetic 
association of these plutons with the regional shear zones. 
2. Dyking ascent - The presence of sheets of both compositionally variable and 
compositionally similar cryptic dykes within both of these plutons demonstrates the 
general applicability of the sheeting method of magma emplacement through dykes, 
associated with shear zones, as envisaged by Petford et al (1993). 
3. Space creation - Neither of these plutons preserves adequate contractional 
deformation within the country rocks to account for the amount of space required for the 
magma. As a result it is necessary in invoke far-field mechanisms such as regional 
extension forming a pull-apart to account for the pluton space. 
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6.1 Introduction 
6.1.1 Preamble 
Chapter 6 
The ltapeti pluton 
In this chapter the Itapeti pluton is described. This pluton was not 
comprehensively mapped during this work, instead existing maps (Morais 1996) were used 
in an attempt to elucidate the tectonic framework within which deformation and granite 
emplacement took place. The pluton (Figure 3.4b, 6.1, Maps 5, 9) is situated north and east 
of the city of Moji das Cruzes, and southwest of the cities of Guararema and J acarei, about 
50km east of Sao Paulo city. It outcrops over approximately 75km2 and comprises parts of 
the 1:50,000 map sheets named Moji das Cruzes, Santa Isabel, Jacarei and Itaquacetuba. 
6.1.2 Previous work 
Despite its proximity to the city of Sao Paulo this pluton has received very little 
detailed geological investigation. It was first examined by Knecht (1964), who remarked 
upon the porphyritic nature of the intrusion. However it was not until the regional 
mapping studies of Hasui et al (1978), Theodorovicz et al (1990) and Bistrichi et al (1991) 
that the· setting of the pluton became clear. It is east-west trending, wedge shaped and 
very strongly elongated eastwards, with a continental-scale shear zone (the Taxaquara 
shear zone) defining its northernmost contact (Figure 6.1). Isotopic investigations by 
Tassinari (1988) suggested an Rb-Sr whole rock age of 625±25Ma, a (S7Sr/S6Sr)i ratio of 
between 0.704 and 0.725 and a K-Ar biotite age of -460Ma for the pluton. These data are 
interpreted to correspond to the age of intrusion and the time at which the intrusion had 
cooled respectively. Whereas, the country rocks have an age which has been estimated at 
750±25Ma (Rb-Sr whole rock, Tassinari 1988). 
The most recent work is by Morais (1996) who carried out a 1:50,000 mapping, 
petrographic and geochemical study on the pluton, concluding that: 
1. The pluton has three distinct phases (G1, G2, G3) (Figure 6.1, Map 5) which were 
broadly potassium feldspar rich granites in composition (G1 = Grey coloured 
phenocrystic (3b) granite, G2 = Pink coloured phenocrystic (3b) granite, G3 = 
phenocrystic (3a) melanogranite). These conclusions are broadly in agreement with 
point counting to 500 points of 10 thin sections (shown in Figure 6.2) which 
demonstrates a granitic to alkali granite composition for the pluton. 
2. The intrusion has a strong, sub-vertical foliation which was classified as solid state and 
protomylonitic to ultramylonitic in nature. 
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3. The pluton is meta-aluminous, rich in potassium and became progressively more 
alkaline on travelling eastwards along the pluton axis. 
4. Zircon topology suggested that the conditions of formation were essentially anhydrous, 
with little differentiation between magmas, and a crystallisation temperature of 800-
8500C. 
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6.2 Mapping and deformation 
6.2.1 Introduction 
In the following section the structure and nature of the magmatic and ductile solid 
state deformation affecting the pluton and the country rock in the immediate vicinity of 
the pluton contact are examined. The pluton has been split into zones which broadly 
encompass the areas ofprincip(;J, exposure within and around the pluton (Figure 6.3). 
0 1 4km 
Figure 6.3 Subdivision of the pluton and country rocks used in this study 
6.2.2 Country rock 
The basement country rock around the pluton is part of the Precambrian Embu 
domain and consists of strongly foliated, variably migmatised gneisses which are 
regionally metamorphosed to amphibolite grade, but retrogressed to greenschist facies in 
the vicinity of the Taxaquara shear zone. This basement is overlain in places by Tertiary 
age alluvial sediments. 
Northern area 
The country rocks to the north of the pluton correspond either to sediments 
associated with the western termination of the Taubate basin or to migmatitic gneisses 
strongly deformed by the Taxaquara shear zone. These gneisses are generally east-west 
trending, sub-vertically foliated and, in places, preserve sub-vertical but southward 
verging isoclinal folds (which are interpreted to be regional Fn+2 folds) (Figure 6.4a). On 
approaching the shear zone the metamorphic grade is reduced (from regional amphibolite 
facies), the fabric becomes finely spaced and displays a sub-horizontal stretching lineation 
(Plate 6. f.) with fabrics indicating a dextral shear sense. The granite contact cannot be 
examined in detail, but the best exposures show a transition from a country rock gneiss to 
a granite gneiss occurring over 200-300m of unexposed ground. As in other shear zones 
across the study area, the Taxaquara shear zone and its associated fabrics are interpreted 
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to have formed in response to the Dn+2 deformation event and reactivated during D n+4, 
since additional deformation overprints both the granite and the country rocks. 
a) Contoured stereonet of poles to country rock 
foliation (filled circles) and poles to fold axes (boxes) 
/ 
N= 4 
b) Stereonet of country rock mineral stretching 
lineations 
Figure 6.4 Country rock to the north of the I tapeti pluton 
Southern area 
The country rocks south of the Itapeti pluton consist of migmatitic gneisses, 
identical to those observed on the northern contact, but with a much lower intensity of 
deformation. As with the northern contact much of these rocks are overlain by Tertiary 
sediments. In general these gneisses are very poorly exposed, but where they can be 
observed show a Dn+ll2 fabric, which is locally deflected to become concordant with the 
granite contact. This fabric is interpreted to have formed in response to the intrusion of 
the magma body itself, and hence is a Dn+3 fabric. 
Stretching lineation in finely divided country rock gneiss close to the northern contact of the ltapeti pluton (GR 
375774039) 
Plate 6.1 
287 
......................................................................................................................................................................................... !.~.!!!!:P.!:.~~.!?.~!f.~~!!:. 
6.2.3 Granite 
The pluton has a poorly exposed contact with the surrounding country rocks, which 
corresponds to a sharp break in slope. In outcrop the intrusion is composed of three similar 
phases (Figure 6.2), which generally consist of: phenocrysts of potassium feldspar up to 3-
4cm in length; set in a coarsely crystalline matrix of potassium feldspar, plagioclase 
feldspar, biotite (up to 20%) and quartz; which has been deformed during solid state 
deformation (Plate 6.2). Within each individual phase the granitic material is essentially 
homogeneous, although individual magma sheets of similar composition have been 
observed along the northern contact (GR 389374063) (Plate 6.3). The pluton preserves 
occasional microgranitoid enclaves which have been used as strain markers (Plate 6.3). 
Almost no microgranitoid dykes occur, unlike other plutons examined during this study. 
The pluton fabric is east-west trending, sub-vertical and sub-parallel to the pluton 
long axis (Plate 6.4, Figure 6.1, Figure 6.5a). The fabric occasionally develops a sub-
horizontal stretching lineation (Plate 6.5, Figure 6.5b) most commonly along the northern 
contact in the vicinity of the shear zone. In general magmatic deformation is confined to 
the southwestern corner, whereas solid state deformation occurs most intensely along the 
northern contact and becomes more pervasive on travelling eastwards along the pluton 
length. 
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Plate 6.3 Sheeting of similar granite types along the northern contact (GR 389374063) 
a) Contoured stereonet of poles to foliation 
from the ltapeti pluton 
Figure 6.5 
Solid state deformation 
b) Contoured stereonet of stretching lineations 
from the ltapeti pluton 
This deformation creates a strongly foliated, lineated, granitoid gneiss texture 
defined by ribbon quartz and augened feldspar phenocrysts (Plate 6.4). In thin section the 
fabric shows the development of recrystallised quartz, diffuse core and mantle feldspar 
fabrics, rarely formed feldspar internal subgrains and strongly deformed biotite crystals. 
Such fabrics can be ascribed to deformation occurring probably in excess of 500°C (Plate 
6.6) (Passchier & Trouw 1996). The intensity of this fabric is strongly related to position 
within the pluton; it is very strong within lkm of the contact producing a granitoid gneiss 
texture; whereas in the pluton body as a whole it is much weaker and original crystal 
shapes are maintained. Traversing eastward across the pluton the solid state fabric 
becomes much more pervasive and increases in intensity. 
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Morais (1996) qualitatively details the deformation of the eastern extremities of 
the pluton and shows that the solid state deformation becomes much more intense in this 
area. Interpretation of these observations suggests that the shear zone was responsible for 
this solid state deformation and may be in part responsible for the extreme elongation of 
the pluton eastwards along strike. These are Dn+4 fabrics overprinting an earlier magmatic 
fabric described below. 
(GR 385974059) 
Plate 6.5 Sub-horizontal mineral stretching lineation from close to the northern contact of the Itapeti pluton (GR 
375674032) 
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t 
of the Itapeti pluton (GR 376074029) 
Magmatic state deformation 
At the southwestern end of the pluton the outcrop displays a well-formed sub-
vertical fabric, which is unlineated and sub-parallel to the previously described solid state 
fabric and defined by rectangular potassium feldspar phenocrysts within an apparently 
undeformed matrix of feldspar, quartz and biotite (Plate 6. 7). The qualitative intensity of 
this fabric is much greater than is observed in any other pluton studied in this area. 
Examination of this fabric in thin section (Plate 6.8) shows individual feldspar crystals 
with almost prestine tiling fabrics, within a matrix of recrystallised quartz and 
undeformed rectangular biotites. This suggests that the fabric represents a strong, almost 
original, magmatic fabric only very weakly overprinted in the solid state and, 
consequently, are interpreted as magmatic Dn+3 fabrics, whose orientation was controlled 
by the strike of and tectonic movements on, the existing Dn+2 shear zone. After formation 
the magmatic fabric was generally overprinted by solid state Dn+4 deformation associated 
with reactivation of the shear zone, but preserved in the parts of the pluton at greatest 
distance from this structure. 
Plate 6. 7 Magmatic fabric from close to the southern contact of the ltapeti pluton (GR 378074006) 
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Plate 6.8 Photomicrograph of magmatic fabric from close to the southern contact of the l tapeti pluton (GR 
378074006) 
Other magmatic/deformation events 
The Itapeti pluton does not appear to preserve any microgranitoid dykes, nor are 
there any identifiable contemporaneous granitoid stocks in the surrounding country rock. 
However, outcrops within the pluton occasionally preserve discrete mylonites which were 
formed within the pluton after the emplacement of the magma. These features are 
kinematically analysed in part 6 .5. 
6.2.4 Conclusions 
The Itapeti pluton was emplaced along the southern boundary of an existing D n+2 
intercontinental shear zone. As a consequence of its emplacement it formed a strong S-
type magmatic foliation, which is preserved in the southwestern portion of the pluton. 
After cooling of the pluton (to -500°C), this early fabric was overprinted by similarly 
orientated solid state (LS-type) Dn+3 fabric. This overprinting fabric is most intense in the 
vicinity of the Taxaquara shear zone. The country rock preserves the early Dn+l fabric in 
places but is generally overprinted by a Dn+2 transpressional fabric (planar shear and 
partitioned pure shear folding), Dn+3 emplacement related fabric and a Dn+4 fabric sub-
parallel to and reactivating earlier Dn+2 structures. It is suggested that the high intensity 
of the solid state fabrics in the far east of the pluton indicates that there may have been 
intense Dn+4 solid state elongation of the pluton eastwards along strike. The shear senses 
associated with each of these deformations will be detailed in part 6.4. After the 
development of these fabrics the pluton was overprinted by discrete mylonite shear zones. 
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6.3 Strain measurement 
6.3.1 Introduction 
In order to attempt to quantify the emplacement and overprinting strain which 
has affected the Itapeti pluton qualitative examination of the country rock and 
measurements of mafic enclaves and the Fry fabric strain from the granite itself have been 
made using the methods outlined in part 1.5. As a consequence of the absence of good 
exposures and mafic enclaves it has been necessary to collate statistically robust 
populations from diverse outcrops and therefore internal variations in strain may have 
been masked. 
6.3.2 Granite 
The results of quantitative strain measurements made within the pluton are 
outlined below. Individual populations have been collated within the internal boundaries 
set out in Figure 6.3. 
Microgranitoid enclaves 
Applying the methods detailed in part 1.5.1 to the Itapeti pluton produces the 
results shown in Figure 6.6, summarised in Table 6.1, and the raw data is given in 
Appendix 12. As with other plutons from the area vertically orientated and the foliation 
plane data is insufficient to make-up statistically robust populations, but the available 
data has been detailed in Table 6.1 for illustrative purposes. 
Table 6.1 Summary table of microgranitoid enclave axial ratios from across the ltapeti 
pluton. 
Localities Orientations Grid Mean Number St. Dev Smallest Largest Ul Log % 
CY3, 
CZ4, 
CZ4 
CX7, 
DC2, 
DC3 
References axial of axial Ratio axial Variation 
ratio analysed ratio in size 
enclaves 
Horizontal GR 3.15 21 21.68 2.11 10.37 0.69 
38875740630, 
GR 
38870740660 
Foliation, GR 2.83 3 0.30 2.60 3.18 0.09 10 
long axes are 38870740660 
sub-
horizontal 
Horizontal GR 4.20 65 1.82 1.25 10.00 0.90 43 
37630740256, 
GR 
37800740050, 
GR 
37780740060 
These data indicate that the Itapeti pluton preserves Similar microgranitoid 
enclave axial ratio strains to those that have been observed within the other studied 
plutons from this area (Rs 2.35-4.2): If this horizontal plane data represents a flattening 
strain it implies a shortening, perpendicular to the pluton long axis, of 45-60% and, a 
extension sub-parallel to the long axis of the pluton of 32-60%. Of particular interest is 
that the highest measured axial ratios occur in the centre of the pluton, away from the 
eastern portion where the highest solid state strains are recorded. However it should be 
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noted that the enclaves measured in this study are not from the most intensely deformed 
areas. This suggests, in accordance with observations made in other plutons (Chapters 4, 
5), that the overprinting solid state strain was of a generally relatively low magnitude, 
despite altering the appearance of the granites themselves, and that therefore that the 
plutons preserve a predominance of magmatic state strain. Similarly, the emplacement of 
the granite in the ltapeti area induced a higher magnitude strain compared to the Atibaia, 
Imbiricu and Morro Azul plutons. 
Quarternary I Tertiary sediments 
Country rock 
I ~0 -l=::!'--~=>4km 
Figure 6.6 Horizontal plane microgranitoid enclaves axial ratios from the ltapeti pluton 
Fry strain 
The Itapeti pluton preserves few small crystals, either in thin section or hand 
specimen, and therefore outcrop photographs of phenocryst distributions provide the only 
way of measuring sufficient crystals to provide accurate determinations of Fry strain. In 
this study 12 determinations of Fry strain have been made, using digitised tracings of 
horizontal and vertical outcrop photographs, which have been processed using the method 
outlined in part 1.5.2. Table 6.2 is a summary table of the data and Figure 6.7 shows a 
spatial plot of the results for the horizontal plane. 
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Quarternary I Tertiary sediments 
Country rock 
I ~0 ....:=~-~::::i4km 
Figure 6.7 Average Fry strains from the Itapeti pluton 
Table 6.2 Summary table of Fry strain measurements from the Itapeti pluton 
(Division of pluton as detailed in Figure 9.3) 
Locality Grid Orientation Fry strain Number of points St. Dev. Log K-value 
References 
Western area 
DC5 GR 370374006 Horiz. 2.27 117 
DC5 GR 370374006 Vert. 1.67 88 0.60 
Central area 
CX7 GR 376074029 Horiz. 1.83 73 
DC3 GR 378074006 Horiz. 1.87 108 
DC3 GR 378074006 Horiz. 1.99 72 
DC3 GR 378074006 Horiz. 1.4 70 
Averal!e Horiz 1.77 0.22 
CX5 GR 375674015 Vert. 2.41 89 0.54 
Eastern area 
CY2 GR 389674062 Horiz. 1.70 59 
CY3 GR 389374063 Horiz. 2.07 70 
CY3 GR 389374063 Horiz. 2.07 77 
CZ3 GR 385974059 Horiz. 1.65 70 
Averaj!e 1.87 0.20 
CY3 GR 389374063 Vert. 1.96 68 0.08 
These data show much lower values for the ellipticity of the Fry strain ellipse than 
the microgranitoid enclave axial ratio strain described in the previous section. Most 
remarkably these data show an homogeneity of finite strain across the pluton which, 
similarly to the microgranitoid enclave strain, has not been increased in magnitude by 
proximity to the increased solid state strain at the eastern end of the pluton. Calculating 
K-values from these data it is possible to suggest that these data demonstrate a flattening 
type strain, but lack of additional data in this orientation makes further corroboration of 
this statement difficult. 
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6.3.3 Country rock 
As with most of the other studied plutons there is inadequate exposure of the 
country rock around the Itapeti pluton to enable a quantitative study of the strain 
preserved in the vicinity of the granite itself. It is merely possible to make the statements 
that: 
1. In the Northern area the country rocks were intensely strained during a strong ductile 
deformation which produced the finely foliated fabric and the associated sub-horizontal 
lineation, the deformation was most intense in the rocks closest to the pluton contact. 
2. In the Southern area the country rocks were not intensely deformed, but underwent 
deflection/deformation close to the contact, which was of sufficient intensity to produce 
a recognisable fabric sub-parallel to the pluton contact for approximately 300m. 
3. If this fabric is assumed to have been deflected by rotation from a regional dip of 65° 
southwards (Theodorovicz et al 1990) to become sub-parallel to the pluton contact then 
using Equation 2.4 an estimate can be made of the finite strain preserved within the 
country rock. This calculation suggests a strain ellipsoid axial ratio of Rs-5.3, which 
equivalent to a local shortening (assuming flattening strain) of 65% that could have 
accommodated up to 600m of the space required for the intrusion of the granite in this 
area. 
6.3.4 Conclusions 
The data examined above demonstrates that: 
1. The Itapeti pluton preserves an homogenous strain that is preserved as a consequence 
of emplacement rather than overprinting solid state deformation. 
2. This deformation was induced as a consequence of an axis parallel extension/axis 
perpendicular shortening during emplacement of the magma, similar to that observed 
in each of the previously described plutons from the RPSSB. The observation of 
individual magma sheets along the northern contact suggests that single undeformed 
sheets may have experienced this along axis extension during their homogenisation, 
after injection, with the surrounding granitic material. 
3. The finite strain within the pluton could possibly have a strong horizontal plane strain 
component (K>O). This may be a consequence of the tectonics responsible for 
emplacement. 
4. The magnitude of the Fry strain is relatively low (Rs<2) compared with values 
determined from the axial ratio of microgranitoid enclaves (Rs- 2.5-4.0). This may be a 
consequence of a number of factors which are discussed in part 8.5. 
5. Estimates of country rock strain suggest that 600m of space could have been created by 
the pluton itself. 
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6.4 Shear senses 
6.4.1 Introduction 
Using the criteria laid down in part 1.4, shear senses have been determined from a 
number of localities within the country rock and the granite during magmatic state and 
overprinting solid state deformation. The modes of occurrence of these fabrics are detailed 
below: 
6.4.2 Country rock 
The country rock north of the pluton, despite being intensely deformed, has 
few recognisable shear sense fabrics. Those that have been observed show a dextral sense 
of shear associated with a low angle lineation, which demonstrates the plane strain nature 
of the imposed deformation. This interpretation is consistent with the regional 
interpretation of Theodorovicz et al (1990). To the south of the pluton the country rock 
appears to show no evidence for simple shear of any sort along the granite contact. In this 
area the country rock has been deformed 'passively' in response to the emplacement of the 
magma. 
6.4.3 Granite 
In contrast to the country rock surrounding the pluton the granite preserves well 
developed shear sense fabrics formed in the solid and magmatic state. 
Solid state fabrics 
Associated with the overprinting solid state deformation there are abundant solid 
state shear sense indicators such as: S-C fabrics, asymmetric phenocrysts, crystal rotation 
etc. (Plate 6.9, Figure 6.8). All of these indicators are associated with a dextral solid state 
shear sense. 
387274062) 
Plate 6.9 
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Figure 6.8 Contoured stereonet of poles to the C-planes of S-C fabrics (compare with Figure 6.5) 
Magmatic state fabrics 
As described in part 6.2, the southwestern end of the pluton preserves an almost 
prestine magmatic fabric . In outcrop it is possible to observe bi-modal fabrics and tiled 
porphyroclast relationships, which indicate the preservation of a sinistral magmatic state 
shear sense (Plate 6.10, Figure 6.9). The vertical plane magmatic shear sense is more 
difficult to determine (due to lack of outcrop) but examination of thin sections suggests a 
'pluton centre up' sense of shear predominates in the areas it can be identified. This is 
consistent with the movement of material upwards and outwards from a magma supply 
zone to the north of these outcrops. 
Plate 6.10 Magmatic state fabric from the ltapeti pluton (GR 378074006) 
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6.4.4 Conclusions 
An examination of shear sense data from across the Itapeti pluton shows that in 
the magmatic state there was the development of a strong sinistral and centre up shear 
sense fabric, Dn+3 (Figure 6.9). This sense of shear is consistent with 'central' magma 
supply into a dilatational zone. Later this fabric was strongly overprinted by a Dn+4 lower 
temperature, ductile, heterogeneous, solid state, horizontal dextral shear (Figure 6.9). 
Quarternary I Tertiary sediments 
~ Solid state horizontal plane shear sense 
~ Magmatic state horizontal plane shear sense 
Country rock 
I 
Figure 6.9 Composite map of solid state and magmatic state shear senses of the Itapeti pluton 
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6.5 Overprinting discrete mylonitic shear zones 
6.5.1 Introduction 
Overprinting both the solid state fabric and the earlier magmatic state fabric are 
discrete em-scale mylonitic shear zones, which were detailed from various localities across 
the pluton. These fabrics are identical in outcrop form and style to those observed in other 
plutons in this area and are similarly interpreted (see part 4.7.2). Representative 
populations have been formed using the delimited areas defined by Figure 6.3. Their 
orientations and associated dominant shear sense fabrics are shown in Figures 6.10, 6.11 
and are described below. 
a} West area 
n = 15 
Vector mean = 004 ° 
Circular St . Dev. = 29 ° 
Max. = 40.0% 
b) Central area 
n = 52 
Vector mean = 012° 
Circular St. Dev. = 53 ° 
Max. = 15.4% 
c) East area 
Vector mean = 062• 
Circular St. Dev. = 11° 
Max. = 66.7% 
Figure 6.10 Rose diagrams showing mylonite orientations from the Itapeti pluton 
6.5.2 FtesuJts 
Western area 
Mylonites from this area show a single dominant population orientated between 
350° and 010° (n=15) (Figure 6.10a), of which the majority display sinistral shear sense 
fabrics. These data suggest an orientation of -315° for <J1 of and of 045° for cra (Figure 
6.1la, b) 
Central area 
The large number of outcrops in the central area preserve a large population of 
associated mylonites (n=52). These demonstrate a complex pattern of peaks on the Rose 
diagram (Figure 6.10b) with the dominant peak at 350°-010°, a second peak at 130°-140° 
and a broad spread of data between 010° and 070°. Associated with these data are shear 
senses which are dominantly sinistral between 000° and 060° and dextral between 120° 
and 150°. 
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These data are interpreted to represent a conjugate set which was dominantly 
sinistral at -020° and dextral at 135°. In such a scenario 0"1 would be orientated at 
approximately 347o and cra at approximately 077° (Figure 6.lla, b) 
Eastern area 
The mylonites from the eastern area define a single, well-constrained population 
peak (n=15) at 060°-070° and a vector mean at 062° (Figure 6.10b). The shear senses 
associated with this population are entirely sinistral. These data can be interpreted as 
being formed while the principle compressive stress Ca1) was orientated at 017° and 
minimum compressive stress (cra) at 107° (Figure 6.lla, b). 
6.4.3 Conclusion and discussion 
Interpretation of these data leads to a number of conclusions that are illustrated 
below: 
1. The mylonites suggest an orientation of between north-west and north-northeast for 
the principo..l compressive stress 0"1 (Figure 6.11). An orientation which is approximately 
perpendicular to the Taxaquara shear zone. 
2. In contrast to the data collected from the Atibaia pluton, there is generally only a single 
dominant population of mylonites. The reason for this is unclear. 
3. In the only area where a conjugate array is observed (Central area) the principo/ stress 
is seen to bisect the minor angle (in contrast to Atibaia and Morro Azul/Imbiricu 
plutons where it bisects the major angle). Mter examining a number of possible 
hypotheses for such an situation, discussed by Twiss & Moores (1993), it was concluded 
that an environment where the intermediate principle stress is reduced (az~cra) would 
be most appropriate in this case. 
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a) Average principal mylonite orientations within the Itapeti pluton 
I •o--===-~="'4km 
b) Inferred princip,..f compressive stress orientations within the Itapeti pluton 
Figure 6.11 
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6.6 Emplacement and deformation 
The Itapeti pluton is not as well exposed as other granites that have been 
examined in the RPSSB but, nevertheless, it has been possible to identify fabrics within 
the pluton and surrounding rocks which elucidate its emplacement history. This is broadly 
similar to the other plutons detailed in Chapters 4 and 5. 
6.6.1 A sequence of events 
1. Initial scenario - The Itapeti area was deformed during the formation of the regional 
southeast dipping, low-angle Dn+l fabric, in the early stages of the Brasiliano orogeny. 
This fabric was later overprinted by the Taxaquara continental scale Dn+2 ductile shear 
zone which has an east-west trend in this area. 
2. Initiation of emplacement - Preserved regional deformation indicators suggest that 
these early phases formed in response to an east-west directed, regional, dextral 
transpression, which produced the dextral shear zones and flattening fabrics (upright 
isoclinal folds) in the Itapeti area. However, the preserved fabrics within the pluton 
show none of the fabrics consistent with emplacement into a compressional setting 
(part 1.6.3). The pluton fabrics (homogenous strain, sinistral centre-up shear senses) 
suggest that at least some component of tectonic reversal was associated with the 
intrusion and therefore, it is concluded that the injection of magma was initiated by 
sheeting of granitoid magma from depth along an existing tectonic feature (the 
Taxaquara shear zone). Once magma ascent had begun the inferred regional tectonic 
framework producing sinistral (i.e. extensional) fabrics facilitated the intrusion of 
additional magma into this zone (Figure 6.12). 
3. Continued magma ascent and emplacement - Magma ascent would have continued 
for as long as the magma had sufficient internal fluid pressure to overcome the imposed 
regional stresses (Hutton 1997a, b). The emplacement related deformation within and 
without the pluton suggests that: i) the pluton created a component of its own space, 
but the comparative narrowness of the deformation zone suggests that this may not 
have been significant; ii) during homogenisation of the magma into the main pluton 
body it underwent a degree of along axis extension/axis perpendicular shortening, 
forming the magmatic pluton fabric and associated shear senses; iii) this fabric 
formation may have had a weak plane strain (K~1); and iv) the southern contact of the 
pluton was relatively passive with relation to the regional deformation. 
4. Granitic magma source - This study gives no clues as to the source of the magma for 
the pluton. However the work of Morais (1995) suggested that the granite was may 
have formed through the fusion of an evolved lower crustal protolith with a small 
additional mantle melt contribution. 
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5. Post emplacement tectonic activity - Mter the emplacement and cooling of the 
magma the pluton was overprinted by a Dn+4 horizontal planar dextral reactivation of 
the Taxaquara shear zone which resulted in solid state deformation of the earlier fabric: 
This is concentrated towards the northern contact with the shear zone itself. 
Deformation occurred at a higher temperature (>500°C) than that observed in other 
plutons from this region, which suggests either a later time of intrusion (i.e. magma 
was still hot during deformation) or that metamorphic temperatures were locally higher 
in this area. 
6. Formation of discrete mylonites - Overprinting both the magmatic and solid state 
fabrics are discrete mylonites, which formed at a lower temperature than the main 
fabric. Their orientations suggest that they formed in response to a local approximately 
north-south orientated, compression/east-west extension. 
~ 
N 
Figure 6.12 A model for the emplacement of the ltapeti pluton 
6.6.2 The shape of the pluton 
The pluton is strongly elongate along strike. Broadly its shape is consistent with 
an east-west orientated extension, resulting in the opening of a transtensional pull-apart 
'fracture' which propagated eastwards, forming sinistral shear fabrics and allowing the 
injection and homogenisation of individual granite sheets. The emplacement strains 
preserved within the pluton demonstrate along axis extension of 32-60% (assuming 
approximately flattening strain) which, if the pluton is estimated to have a pre-solid state 
deformation length of 20km, suggests an injection conduit length of 12-15km. 
It must be pointed out that such a pluton shape could be formed as a consequence 
of north-south directed extension, and it is difficult to distinguish between these two 
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scenarios. However during north-south directed extension (i.e. axis perpendicular), 
magmatic shear fabrics should be weak, and possibly dextral, and the foliation should be 
orientated along the pluton axis. The key piece of evidence for east-west extension lies in 
the strong intensity (compared to other studied plutons in this area) of the magmatic shear 
fabrics: an east-west extension would require a principal extension direction orientated 
only slightly southwards of the pluton long axis, which would be more inclined to produce 
simple shear than pure shear fabrics (Figure 6.13). However, the internal fabrics (foliation, 
orientations of strain marker etc.) were not entirely under tectonic control and formed in 
orientations sub-parallel to the pluton axis, indicating that internal magma forces were 
dominant during emplacement. Therefore, in concordance with the studied plutons from 
the remainder of the RPSSB, the Itapeti pluton is interpreted as forming during east-west 
directed extension. 
Additionally, the pluton is remarkably elongated along strike: Hasui et al (1978) 
describe magmatic material occurring up to 40km along the strike of the main pluton. This 
could occur in response to eastward migration of intruding dykes during emplacement or, 
alternatively, as the result of intense stretching of the granite in the vicinity of the 
Taxaquara shear zone. From observations in this eastern area it is suggested that this 'tail' 
formed in response to dextral elongation of pluton during overprinting solid state 
deformation. 
Figure 6.13 
External East-West orientated 
extension 
Internal magma forces 
A combination of internal magma forces and external tectonics interact to produce 
an pluton axis parallel fabric and sinistral shear sense indicators 
Production of sinistral shear fabrics during intrusion of the Itapeti pluton 
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6. 7 Conclusions and discussion 
The Itapeti pluton preserves very similar deformation and intrusion 
characteristics to those observed in other plutons from the RPSSB. As a consequence it is 
concluded that it was intruded during a similar east-west orientated, extension event 
which occurred during the dextrally transpressive Brasiliano orogeny. Of particular 
interest are: 
1. Sinistral shear fabrics· These are strong bi-modal fabrics in outcrops which preserve 
the early magmatic sinistral shear sense fabric in the horizontal plane and pluton 
centre-up fabrics in the vertical plane. This data is entirely consistent with the model of 
east-west orientated extension developed from observations in other plutons. 
2. Internal strain fabric · The strain within the pluton does not show any variation 
with intensity of solid state fabric and therefore it is suggested that the strain 
preserved in the majority of the pluton is primarily an emplacement related strain, 
associated with along axis extension/axis perpendicular shortening. Fry strains and 
enclave axial ratios suggest that the strain may, in addition, have a weak linear 
component (K>O) which is ascribed to intrusion into a narrow sub-east-west trending 
pull-apart during east-west extension. 
3. Overprinting fabric · The pluton has had its early magmatic fabric heterogeneously 
overprinted by an horizontal planar dextral shear, which is most prominent along the 
northern contact of the pluton and occurred at higher temperatures than the solid state 
deformation observed in other plutons. 
4. Mylonite orientations · The orientation of the mylonites in this area appear to 
suggest that during their formation they were subject to a north-south orientated 
compression, in contrast to the east-west orientated compression observed in other 
areas. 
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Chapter 7 
The tectonic evolution of the RPSSB 
7.1 Introduction 
7.1.1 Preamble 
The purpose of this chapter is to bring together each of the strands of evidence 
elucidated above, to explain the pre-, syn- and post-emplacement deformation of each of the 
studied plutons. Then using this evidence, a general model for the Brasiliano and later 
tectonic evolution of the RPSSB is developed to attempt to explain the intrusion dynamics 
of a number of other coeval and possibly consanguineous granitoid plutons. 
7.1.2 Background 
Each of the plutons and their settings (described in the Chapters 4-6) have a very 
similar structural and intrusive heritage consisting of: 
1. Pre-existing country rock fabric - A generally low to moderate southeasterly dipping 
fabric produced as a consequence of Dn+l thrusting which has been locally steepened to 
high or moderate dips during Dn+2 transpression. Sn+l was the predominant regional 
fabric until at least 609Ma, when migmatites were injected sub-parallel to the foliation 
plane. 
2. Strike-slip shear zones - The country rock fabric has been cross-cut by numerous 
continental scale, sub-vertical, strike-slip shear zones which overprint and deflect the 
regional fabric. Their formation was associated with regional scale dextral transpression 
and re-orientation of the regional fabric (Ebert & Hasui 1992). This fabric may have 
been formed as early as 710Ma (metamorphic age of the transpressional Santa Isabel 
complex), but was certainly in existence after 650 Ma (age of granitoids sub-parallel to 
the low-angle fabric, but extensively overprinted by strike-slip deformation Ebert et al 
1996). 
3. Intrusion of the granites - Each of the studied granitoid plutons have low internal 
strain, but have been emplaced in locations which would have been in local compression 
during the dextral transpression which affected this region. Each of the granites was 
emplacement into an extensional pull-apart, spatially related to one of the major shear 
zones, during a phase of east-west directed extension. The age of the studied plutons is 
between 623-525Ma, although data from other plutons in this area suggests an average 
regional age of approximately 610-570Ma for plutons of this type (Brito Neves & Cordani 
1991, Tassinari 1988). 
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4. Emplacement of microgranitoid dykes - Mter the plutons were emplaced and had 
cooled such that they were cohesive enough to undergo 'brittle' fracture, em-scale 
microgranitoid dykes were injected into the pluton. Their orientation demonstrates 
continued extension orthogonal to the local pluton contact. No absolute age 
determinations on these features have been made. 
5. Overprinting fabric - After the intrusion of the granites, they and their surrounding 
rocks were overprinted by a dextral, plane strain reactivation of the existing shear 
zones. This occurred when the plutons had cooled to -300°C in the Atibaia area, and to 
500°C in the Itapeti ¥ea. The absolute age of this deformation is unknown. 
6. Discrete mylonites - Overprinting each of the earlier fabrics are discrete, conjugate 
em-scale mylonites. Kinematic analysis of each of these populations generally shows a 
maximum principle stress orientated orthogonal to the local shear zone. These features 
may either demonstrate a discrete continuation of the regional overprinting dextral 
deformation, or may be related to a reactivation of major structures associated with the 
opening of the Atlantic Ocean during the .:Mesozoic. 
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7.2 Intrusion of the studied granites 
7.2.1 Genesis of the magma 
While the fieldwork does not directly describe the genesis of the magma some 
general inferences can be made from the available geochemical data, the outcrop features 
and the petrographic composition. 
Composition of the melt zone 
Each of the plutons studied in this area was emplaced in the midcrust (15-18km) 
(Ebert et al 1996) and shows an isotopic signature consistent with derivation from melting 
of material, which had been highly fractionated by previous melting and crystallisation 
events (B7Sr/B6Sr)i "" 0.71 (Tassinari 1988, Melhem 1995, unpublished data). This has been 
interpreted to suggest derivation from the anatexis and fractional crystallisation of an 
upper crustal protolith, although ENd values from the Morro Azul pluton (unpublished data) 
suggest that there may have been a component of more primitive material. Such data is 
consistent with the petrographic composition of the plutons, but the presence of mafic dykes 
and mafic stratified xenoliths demonstrates that there was at least some, possibly mantle 
derived material, associated with magma genesis. Additionally Melhem (1995) and Morais 
(1995), using zircon topology techniques, showed that the magma was anhydrous, forming 
in a zone of complete magma homogeneity at a temperature of approximately 850°C. Such 
features are exactly consistent with the anhydrous granulite facies melt zone envisaged by 
Petford (1995) for the production of granite melt. 
Size of the melt zone 
Each of the plutons is relatively homogeneous within itself, suggesting that a large 
quantity of similar melt was present in the melt zone. The production of two 
petrographically similar plutons (Imbiricu and Morro Azul plutons) whose conduits were 
separated by a minimum of 5km demonstrates that the melt zone was laterally continuous. 
Similarly the presence of a suite of similar and comparatively coeval plutons across the 
region may suggest the presence of a cognate melt horizon within the lower crust. 
Evolution of magma production 
Examining the regional magmatic evolution of this area shows that there was the 
injection of subduction !-type magmas at -650Ma (Brito Neves & Cordani 1991) intimately 
associated with the low-angle fabric, before the emplacement of migmatites at -610Ma 
similarly associated with the low-angle fabric, and followed by the emplacement of the 
studied plutons. It is possible to suggest that: i) the low-angle sheeted complexes 
represented the last expression of westward directed subduction; and ii) the migmatites 
represented a component of wet-melting; which slightly pre-dates, or is synchronous with 
dry melting in the lower crust forming magma for the studied plutons. Additionally the 
bulk petrographic similarity of the multi-intrusive phase plutons and the later 
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microgranitoid dykes, demonstrates that there may have been a widespread melt horizon 
and continued magma production after the main emplacement event. 
Reasons for crustal anatexis 
Melting to form granitic melt can be envisaged as occurring in four principt.'/ 
tectonic environments (modified after Pitcher 1993): 
1. Extension and decompression- During extension there is a thinning of the crust, and 
the associated adiabatic decompression of the mantle and crust, introducing an 
increased crustal heat flow. This high temperature, comparatively low pressure melting, 
results in bimodal volcanism, consisting of mafic intrusions and volatile rich alkalic 
granites. The regional tectonics and features of the studied plutons suggest that this 
process is not occurring within the study area. 
2. Subduction related - The release of water from subducting oceanic crust triggers 
melting within both the mantle and the lower crust. The resulting granitoids are 
Cordilleran !-types, commonly tonalites to granodiorites, emplaced into extensional or 
contractional tectonic environments. The low-angle plutons, in the study area, display 
these characteristics (Brito Neves & Cordani 1991), whereas the studied plutons are 
more evolved. 
3. Crustal thickening - Continental collision and associated crustal thickening increases 
the volume of radiogenic crust. As such, the release of energy associated with radiogenic 
decay may be sufficient to induce melting within the crustal pile. This melting will be 
characterised by the re-melting and fractional crystallisation of already evolved material 
and the lack of a primitive component, and could produce granitoids of a granitic to 
alkali granite composition, emplaced into any tectonic setting. It is possible that the 
studied plutons were sourced in this way. 
4. Orogenic delamination - When two continental blocks collide there is extensive 
crustal thickening during the development of a thickened lithospheric root, which will 
produce a mountain belt limited to approximately 3km in vertical height above sea level 
(Houseman et al 1981, Dewey 1988)(Figure 7.1a). Such a thickened lithospheric root is 
dynamically unstable and mantle convection will act to remove this 'boundary layer' 
supplying hot, convecting, 'fertile' asthenospheric mantle to the base of the crust 
(Houseman et al 1981, Dewey 1988) (Figure 7.1b). This hot material buoys up the 
orogenic belt, increasing vertical elevation, but also increases the heat flow at depth. 
This increase in heat flow, in combination with the decompression melting of 'fertile' 
mantle, would introduce quantities of basic melt into the lower crust. As such this would 
induce crustal anatexis (through higher heat flow) and the production of abundant 
granitoid melt of a granitic to alkali granite composition. The production of crustal melt, 
associated with a minor more primitive component, and emplacement during regional 
extension is highly consistent with the features observed in the study area. 
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Therefore, although a specific study of the source of the granitoids has not been carried out, 
it is most likely that the granitoid melt formed in a Type 3 of 4 environment. Type 1 or 2 
appear unlikely on compositional and tectonic grounds. It is the authors personal opinion 
that a Type 4 origin is most probable for the studied plutons. 
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Figure 7.1 
Expulsion ofmelt 
The creation of small quantities of melt within the lower crust and the lithospheric 
mantle is envisaged as a semi-continuous process (McKenzie & Bickle 1988) and the volume 
increase induced by such melting (Clemens & Mawer 1992) could be contained within the 
lower crust. Large scale melt production, as required for batholith formation, would result 
in a very large volume increase in the lower crust (up to 18%, under the dry melting 
envisaged by Clemens & Mawer 1992). Such a volume increase could induce local dynamic 
(overpressuring) and buoyancy instabilities within the crust. Additionally tectonic stresses 
could pressurise the magma. For example during extensional collapse orogenic convergence 
could occur at lower crustal levels, but with extension occurring contemporaneously in the 
mid to upper crust. Any crustal discontinuity that penetrates this zone (e.g. shear zone, 
crustal fracture) will act as a conduit for magma from depth (overpressured) towards the 
surface (unpressured) (Clemens & Mawer 1992, Petford et al 1993, Hutton 1997a,b). This 
process will continue until the mechanical instability is removed. 
311 
........................................................................................................................................................ .!.~~.!.~~-~r:.~.~~-~~~!.l!:.~!~.'!:.r:.U!!.~ .. ~!:.~~!?.. 
7.2.2 Tectonics associated with emplacement 
Each of the plutons that has been studied has an association with the tectonic 
structures in the surrounding rocks. In the following section this association is examined 
and the possible dynamics required for the formation of each type of fabric discussed. 
I 
Brasiliano · low angle fabric 
As described by a number of other authors (Cunningham et al 1996, Ebert et al 
1996, Ebert & Hasui in press, Vauchez et al 1994) the Dn+l fabric was induced by east-west 
directed collision along a northeast-southwest trending continental margin (Figure 
7.2a,b,c), which resulted in oblique collision in the Aracuai belt, and dextrally transpressive 
collision in the Ribeira belt and more specifically the RPSSB. This collision can be 
envisaged using a quasi-Andersonian model where the forces due to convergence (Fconv), 
lateral confinement (Fiat) and topography (Ftop) apply stresses upon the orogenic belt (crconv. 
,O'Iat. ,O'top.) that interact to form three orthogonal principa./ stresses Ccr1, 0'2, cra). Therefore 
applying this simplistic model to the initial collision, (Figure 7 .3a) 0'1 is orientated sub-
horizontally east-west (equal to the stress due to convergence O'convJ, cra sub-vertical (equal 
to the stress due to topography O'top.) and 0'2 sub-horizontal and sub-parallel to the 
elongation axis of the orogen (equal to the lateral stress O'IatJ. In such a convergent 
environment deformation is envisaged as having been concentrated in the vicinity of the 
mechanically favourable, northeast-southwest trending continental suture zone (Figure 
7.2c), forming the preserved Dn+l fabric. Such a deformation would be most favourable while 
O'conv.> > O'Iat.> > O'top .. 
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Vitoria block 
a) Initial scenario, westwards directed subduction into a 
northeast-southwest trending subduction zone 
b) Continental collision with orthognal collision to the north 
and oblique transpressional collision further south 
c) Oblique collision and crustal thickening during continued 
convergence 
Figure 7.2 Early evolution of the RPSSB 
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Brasiliano - strike-slip fabric 
As convergence continued, topography would increase until it reached what is 
viewed as the limiting topographic height ( -3km, England & Houseman 1988, Dewey 1988). 
In reaching the point when topography can no longer increase and the forces of lateral 
spreading exceed the forces of convergence (crt is vertical), a number of intermediate states 
of stress will take place within the orogen. These intermediate states can be envisaged 
(Figure 7.3b) and have three possible interpretations: 
1. (crt = crconv.) > (cr2 = mat.) ;::: (cra = crtop.) - In this environment the low angle fabric would 
continue to accommodate crustal thickening, by oblique thrusting along the northeast-
southwest trending thrusts, but with increasing crustal height, O"top. will increase such 
that it exceeds O"iat .. 
2. (crt = crconv.) > (cr2 = mat.) = (cra = O"top.) - This would produce pure flattening strain-plane 
strain, on an orogen scale. Such a deformation could be accommodated by continued 
thrusting or bulk pure shear in the deformable zones orientated orthogonally to the local 
principc:\1 stress axis: In this situation the pure shear domains would be sub-vertically 
orientated and would occur most often where previously deformed sub-vertical fabrics 
already existed e.g. on lateral ramps. 
3. (crt = crconv.) > (cr2 = crtop.) ;::: (cra = O"lat.) - If bulk pure shear took place, sufficient to induce 
a limiting topographic height, it would feedback such that cr2 and cr3 would interchange, 
and given a continued westwards orientation for crt, northeast-southwest directed, 
dextral strike-slip along the pre-existing structural fabric accommodated by any suitably 
orientated sub-vertical fabric would take place. Such deformation would continue until 
lateral stresses O"!at. were again sufficient to exceed topographic stresses crtop. (since 
constant volume elongation along the orogenic belt would reduce stresses due to 
topography) and a similar feedback into a pure shear environment would take place. 
During continued oblique convergence, without outside disturbance, there should be a 
smooth transgression from low-angle thrusting into pure shear and then strike-slip 
deformation. These latter two categories will then dynamically feedback between each other 
resulting in an overall dextral transpression (Sanderson & Marchini 1984), which on the 
geological timescale will appear to be a single continuous deformation, cross-cutting the 
earlier fabric: The extent to which pure (K=O) flattening deformation will take place over 
horizontally or vertically orientated plane strain (K=1) will depend upon the strength of the 
boundary conditions to the deforming zone, this assumes that lateral extrusion can take 
place i.e. O"!at. is variable. Such an evolution can explain the apparent temporal partitioning 
of transpressional fabrics during oblique collision. It is a development of the ideas of Hasui 
et al (1978), Ebert & Hasui 1992, Ebert & Hasui in press, who have discussed the field 
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evidence for a continuous tectonic evolution during the production of thrust related <Dn+d 
and transpressional CDnd fabrics. 
Emplacement of the granites 
The syn-emplacement structures that have been identified within the country rocks 
and the granites demonstrate that there must have been a significant component of 
extension during emplacement (see Lagarde et al 1990, Klemens & Schwertner 1997 and 
Kusky 1993 for other examples of this style of emplacement) and that the principa.l 
extension direction was directed approximately east-west (see part 7.3.3 for further 
analysis). Therefore, considering the orogen as a single body, the principal convergent 
stress O"conv., becomes the minimum principo.l stress cra (Figure 7.3c). Such a reorientation 
requires that O"!at. and O"top. both exceed the convergent stress O"conv.; an environment which in 
an orogen with a dynamically limited topographic height, requires that convergence, at that 
level (see below), be rapidly slowed or stopped entirely. Although if the topography of the 
pluton is buoyed up by boundary layer delamination, as envisaged by England & Houseman 
(1988), and the orogen is strongly confined along its axis i.e. O"!at. ;::: O"conv., then east-west 
directed extension of the orogen will take place (Dewey 1988)(Figure 7.3c). In such an 
environment 0"1 must be orientated either sub-parallel to the orogen O"Iat. or sub-vertically 
O"top., and orthogonal to 0'2. 
Additionally it may be possible to have orogenic extension taking place at the 
emplacement level (Figure 7.3c) while convergence was dominant at greater depth (Figure 
7.3b). This requires that the lower crust and the middle/upper crust are mechanically 
decoupled, with a free surface acting as the dominant boundary condition at the 
emplacement level. To distinguish this process from that outlined in the previous 
paragraph would require the study of coeval lower crustal plutons which should show 
contractional magmatic state fabrics. The studied exposures represent a single crustal level 
and thus it is difficult to test this hypothesis. 
Previous sections have demonstrated that there could be appropriate magma 
'reservoirs' and conduits to facilitate the emplacement of magma into the RPSSB (Figure 
7.4). Providing there are sufficient dynamic forces to drive magma ascent plutons will 
emplace into the extending middle crust in the mechanically most favourable areas 
(extensional pull-aparts). Orogenic extension will continue until the orogen achieves a 
stress balance, but magma emplacement will only continue while magma ascent is 
mechanically favourable. Indeed the emplacement of micro granite dykes demonstrates that 
extension took place after the emplacement of the plutons. 
Post emplacement deformation 
All the plutons and the country rocks record Dn+4 solid state overprinting which 
appears to consist of a dextral LS-type fabric, there is no evidence for any post-intrusion 
related transpression. As such, a dextral deformation suggests that the convergent stress 
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has again become dominant, although O"top. must exceed O"!at. (Figure 7.3d). Comparison of 
geochronological data from K-Ar dating, which has an isotope blocking temperature of 
approximately 400°C, with similar inferred temperatures from deformation fabrics within 
the plutons, suggests that this deformation must have occurred before 450Ma (Tassinari 
1988). 
A 
N 
a) During early crustal thickening 
oblique collision results in 
low-angle northeast-southwest 
trending thrusting 
crt= croonv. and crt>>cr,>>cr, 
0'2=0'lat. 
crJ::: atop. 
1/2 
c) Lithospheric delamination causes 
rapid increases in topography and 
an increase in lateral forces, promoting 
extensional collapse. As a consequence 
existing shear zones accommodate a 
component of sinistral shear 
0':!-crt => O'top.-crlat. and O't-0'2>0'3 
A 
N 
b) As topography increases internal 
orogen stresses are equalized promoting 
flattening strain and strike slip 
crt= croonv. and crt>>cr,-<J, 
0'2-0'3=> crtop.-(jl!lt. 
2 
d) After emplacement of the granites, 
dextral shear overprints pre-existing 
fabrics 
0' 1= (J conv. 
(j2= (Jht. 
OJ= atop. 
and crt>cr,>cr, 
Figure 7.3 Dynamics associated with evolution of the RPSSB 
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< 
" Extension 
Granitoid 
magma---... 
Dilational 
MIDDLE CRUST 
Ascent of magma 
as thin sheets 
.... 
> 
LOWER CRUST 
Mid crustal deformation accommodated along shear zones, 
penetrating the lower crust. Magma formed at depth ascends 
as thin sheets along the shear zone discontinuity, into the 
dilation zone 
Figure 7.4 Ascent of magma sheets along a conduit penetrating a melt zone at depth 
Mylonites 
Overprinting the earlier fabrics are discrete mylonites, which show an inferred 
principle stress perpendicular to the regional structure, associated with each pluton, that 
was strongly confined i.e. crt = cr2 = 0"3. As a consequence it is suggested that this represents 
a partitioning of some degree of strike orthogonal compression into the granites. As a 
consequence of the poor exposure of the country rocks it is difficult to recognise the degree, 
or the style of deformation accommodated by the shear zones in response to this event. 
It is considered by a number of local authors that these features appear to represent 
a Cretaceous to Eocene event (see part 4.7.1 for references); and indeed it is possible that 
these structures represent at least part of the dextral deformation of the South American 
continent as visualised by Unternehr et al (1988) and Nurnberg & Miller (1991). These 
authors demonstrated that the simple restoration of the African and South American 
continents provides an inadequate 'tectonic fit', and that a degree of dextral strike slip and 
regional extension must have taken place during the post-Atlantic rifting phase in order to 
restore the continents to their pre-rift positions (Figure 7.5). In addition Rabinowitz & 
LaBreque (1979) and Chang et al (1992) demonstrate that the RPSSB lies onshore of the 
Sao Paulo plateau basalts, one of the first offshore expressions of the Trindade hotspot, and 
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due south of the Sao Paulo-Walvis Ridges. The Sao Paulo Ridge is a fracture zone which 
controlled ocean rifting in this area such that south of this structure rifting was occurring 
at 127Ma; whereas rifting did not occur north of this structure until 113Ma. Such a hiatus 
during the early stages of ocean basin rifting would have induced a northwest-southeast 
directed compression into the surrounding continents; a direction which is sub-orthogonal 
to the major regional structures in this area. It is this deformation that could be considered 
to be responsible for the nucleation of the mylonitic structures observed in this area. 
"~SALT~ 
:··:·sT-..o 
~ STUDY AIIEA 
a) No intra-continent deformation b) Intra-continent dextral simple shear 
Figure 7.5 Restoring continents to their pre-rift positions after Unternehr et al (1988) 
7.2.3 Reason for ascent 
As stated above, the ascent and emplacement of magma will occur only if it 
mechanically favourable. Hutton (1997a,b) used the princip~./ of effective stress (Equation 
1.12) to describe how magma can alter the local stress conditions. Applying this principal to 
pluton emplacement shows that in a 'collapsing' orogen environment, cr the total principal 
stress will be controlling primarily by the regional confining stresses (CJJat .. and CJtop. above), 
but space can be created in the Andersonian model if, the fluid pressure exceeds the local 
minimum principc./ stress (crconv. at the time of pluton emplacement). During extension cr 
should be small, zero or even negative, depending upon the rate of local dilation. Therefore 
considering a single pluton there are two possible scenarios: 
1. Positive minimum stress - In this environment the magma must have sufficient fluid 
pressure to ascend through a conduit and overcome the local minimum stress at the 
emplacement level, and therefore rate of magma supply ~ rate of tectonic space creation. 
If this fluid pressure significantly exceeds the minimum stress then it controls the 
effective stress and will deform the minimum stress boundary, expanding in-situ (Figure 
7.6a) e.g. Main Donegal Granite (Hutton 1982b). In the study area the strong magmatic 
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fabric and deformation of the outer contacts of the Morro Azul and the Itapeti pluton 
suggest that there was at least a component of this type of deformation. 
2. Negative minimum stress- In this environment there is dilation within the deforming 
zones, though as cavities cannot exist within the crust these zones will be filled by other 
crustal material or intruding magma. Given a mechanical connection between the 
dilatational zone and the magma 'reservoir', magma ascent must take place providing 
that the resultant effective stress at the emplacement level is positive or zero. Therefore 
even an underpressured magma reservoir can be exploited and 'sucked dry' by the 
extending orogen. In the limiting case of princip · stress = fluid pressure, the rate of 
space creation can regulate the rate of magma supply, and there would be no 
emplacement related deformation of the wallrocks and little internal fabric within the 
pluton (Figure 7.6b). However if the local resultant effective stress is positive then even 
an underpressured magma can exert emplacement related strain on the pluton walls 
and form a fabric within the pluton. All the studied plutons show, to a varying degree, 
this sort of deformation. 
These scenarios demonstrate that the emplacement of plutons into dilatational 
zones within the crust is a mechanically favourable process, and that even a magma which 
is under-pressured at the emplacement level can be intruded, and preserve structures 
which demonstrate a degree of forceful emplacement. The Morro Azul pluton has a strong 
magmatic fabric and strong deformation of the wallrocks suggesting that its fluid pressures 
exceeded the minimum regional stress, though the fluid pressure need not have been 
positive. Conversely the Imbiricu and Atibaia plutons, preserve weaker magmatic fabrics 
and almost no deformation of their wallrocks which suggest that the effective stress was 
close to zero and therefore that the minimum principle tectonic stress may have regulated 
magma supply from a comparatively under-pressured reservoir. 
7.2.4 Siting of the pluton 
The siting of intrusive bodies is widely debated in the literature (Pitcher 1979, 
Hutton & Reavy 1992, Jaques & Reavy 1994, Hutton & Alsop 1996, Schmidt et al 1995). 
The consensus of discussion suggests that major shear zones which penetrate the lower 
crust, intersect the magma 'reservoir' and act as a mechanical linkage and magma conduit 
to the level of emplacement higher in the crust. Jacques & Reavy (1994) extend this 
argument a stage further and suggest that the lower crust is segmented into rhomboids 
or. 
defined by shear zones and lineaments. While from this study it is impossible to comment on 
the validity of such arguments it is necessary to remark upon the fact that the principal 
northeast-southwest trending shear zones in the field area are spaced at 10-15km intervals 
and plutons can be observed at approximately similar intervals along strike of these shear 
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zones. Observations which might suggest a rhomboidal segmentation of the lower crust in 
the RPSSB, although no across strike lineaments could be identified. 
Magma pressure>minimum stress 
=> Contact rocks deformed 
EMPLACEMENT 
LEVEL 
-~ -t ~ ---.....2!..... SOURCE 
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------~-------1 
- - - - - -~ .:..;.:...::~::::if.~f·. 
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Magma pressure<minimum stress 
=> Contact rocks undefonned 
~~ -~ ~ --.1£ ~eoressure :::.......k 
a) Positive minimum stress b) Negative minimum stress 
Figure 7.6 Applying the principle of effective stress to pluton emplacement 
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7.3 The creation of space for the pluton 
7.3.1 Strain preserved within the plutons 
Each of the studied plutons shows an internal and approximate regional 
homogeneity of emplacement related fmite strains, with average mafic enclave axial ratios 
recording average flattening strains of the order of Rs - 2.5-3.5, and Fry fabric 
crystallographic strains recording similarly flattening strains with average Rs- 1.8-2.1. As 
such this suggests that individual magma sheets ascending and homogenising, experienced 
a flattening strain orthogonal to the short axis of the pluton; equivalent to a shortening of 
approximately 30-60%. Such a stretching is consistent with the magma ascent and 
emplacement scenario described above (part 7.2.3), whereby pressurised magma is 
emplaced into a dilational zone. In general this magma will preserve sufficient fluid 
pressure to flatten against the wallrock and existing magma, but in addition there will be a 
tendency for magma to preferentially stretch along the direction of the propagating dyke tip 
(Clemens & Mawer 1992) i.e. the long axis of the pluton. This injection and deformation 
would occur independent of where, within the pluton, the dyke is emplaced, and explains 
the fmite strain homogeneity observed. 
The are two additional points that are worthy of remark: 
1. A vertical stretch within the Morro Azul pluton - The calculation of a sub-vertically 
orientated X-axis, is consistent with the more forceful, greater fluid pres~ure intrusion, 
envisaged for this pluton. 
2. A horizontal stretch in the ltapeti pluton - The Itapeti pluton is emplaced at a high 
angle to the inferred extension direction, and preserves strong magmatic sinistral shear 
fabrics and as such it is possible that there would be a stronger plane strain component 
to deformation during emplacement. 
7.3.2 Strain in the country rocks 
In Chapters 4-6 the emplacement related finite strain within the contact rocks was 
estimated. These exercises demonstrated that the country rock did not appear to preserve 
strain sufficient to account for the creation of more than 20% of the width of the pluton: 
However it was impossible to quantify the possible space creation through the influence of 
volume loss or material incorporation. Even if these processes accounted for significant 
additional space creation, external tectonic and regional space creation mechanisms would 
still be required to create space for the pluton. 
7.3.3 External space creation mechanisms 
In parts 7.2.2 and 7.2.3 the feasibility of injecting the pluton within an orogen which 
was undergoing east-west directed extension was demonstrated and indeed the field 
evidence suggests that this type of deformation is probably taking place. In this section an 
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attempt is made to quantify this extension by approximating each of the unsheared pluton 
contacts to a rotated line. Thus regional finite stretch induced during the intrusion of the 
pluton can be calculated using an assumed princip.(J { stress direction and Equation 2.4. 
Extending this approach and obtaining a best-fit solution for the extension direction by 
simultaneously solving Equation 2.4 for each of the studied plutons demonstrates: 
1. A best fit minimum required extension orientation of 080°. A value that is probably 
within error of the east-west directed extensi9n inferred from field data. 
2. North-South orientated extension requires very high regional strains to open granite 
cavities the shape of those observed in the field. 
3. A minimum of 40% regional, sub east-west orientated extension is required to facilitate 
pluton cavities the shape of those observed in the field. 
As such emplacement of the studied plutons required a regional emplacement related 
extension of -40km to extend the RPSSB to the 200km now exposed. 
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7.4 Emplacement of other granitoids from the RPSSB 
7.4.1 Introduction 
In the literature there are a number of other granitoids which were emplaced pene-
contemporaneous to the studied plutons and preserve many similar outcrops features i.e. 
compositional homogeneity, a single sheared contact and at least one undeformed contact 
and a wedge-like shape. It is suggested that similar emplacement mechanisms to those 
described for the plutons in Chapters 4-6, can be applied to these plutons. 
7.4.2 The Jambeiro pluton 
The Jambeiro pluton is exposed on the southeastern side of the Taubate basin 
(Figuire 7.9a) and was the subject of a brief field study. It showed: i) a granite matrix which 
has been extensively deformed in the solid state; ii) shear zones defining its outer contact 
on both sides of the pluton; and iii) no internal petrographic variation. Hasui et al (1978) 
suggests that this pluton is contemporaneous with the others detailed above and as such its 
emplacement can be envisaged as occurring during regional east-west directed extension 
(Figure 7. 7b). 
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b) Possible tectonics associated with emplacement 
Figure 7.7 
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7.4.3 The Piracaia pluton 
The Piracaia pluton is exposed 20km northeast of the Atibaia pluton. It is wedge-
shaped, thinning northwards and is associated with a north-northeast trending shear zone 
along its westernmost contact (Figure 7.8a). It is petrographically heterogeneous consisting 
of north-northeast striking km-scale sheets of granitic to syenitic composition. It has 
previously been mapped by Campos Neto et al (1983) and Janasi & illbrich (1987) and has 
been dated using Rb-Sr whole rock methods to 573±12 Ma by Tassinari (1988). 
There have been no structural studies of the emplacement mechanism but applying 
the model of east-west directed extension and sheeted emplacement of granitoid sheets 
would explain the observed distribution of petrographic phases. It might be expected that 
almost no magmatic shear senses would be preserved, since cavity opening would be sub-
orthogonal to the extension direction (cf. Imbiricu pluton). 
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a) Summary map of the Piracaia pluton 
(after Janasi & Ulbrich 1987) 
Figure 7.8 
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b) Possible tectonics associated with intrusion 
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7 .4.4 The Itaqui and Sao Roque plutons 
These are two plutons exposed due west of the city of Sao Paulo, south of the 
Jundiuivira and north of the Taxaquara shear zones (Figure 7.9a). Both of these plutons 
preserve a sub-vertical fabric, sub-parallel to the long axis of the pluton, a dominantly 
granitic composition, low mafic enclave axial ratios (Rs=l.S-3.5), sheeting along internal 
contacts and overprinting by a solid state dextral transcurrent shear; although there is no 
detailed information available upon the preserved shear senses (Ferreira & Wernick 1995, 
1997, Wernick et al 1993, Hackspacher et al 1993). The Itaqui pluton has been U-Pb dated 
by Toepfner (1997) at 624+/-llMa, and the Sao Roque pluton is considered to be of a similar 
age. 
Hackspacher et al (1993) suggests that the intrusion of the Sao Roque pluton during 
transtension associated with dextral deformation on the Jundiuivira and Taxaquara shear 
zones. Although in the light of the field evidence presented in Chapters 4-6, suggesting 
east-west Dn+3 regional extension and additional in relation to the Junidiuivira shear zone 
(inducing dextral magmatic shear sense during pluton emplacement in the Atibaia area), 
and Taxaquara shear zone (inducing sinistral magmatic shear sense during pluton 
emplacement in the Itapeti area) it is suggested that the tectonic scenario for intrusion 
presented in Figure 7.9b might also be possible. In such a situation east-west extension 
which occurs preferentially in the blocks north and south of the confining shear zones, 
induces a pull-apart structure against the Marinique shear zone facilitating granite 
emplacement along its eastern side. Similarly, extensional space can be created against the 
Taxaquara shear zone enabling intrusion of the Itaqui plutons. It is hypothesised that 
examination of the magmatic shear sense fabric within each of these plutons should show 
weakly sinistral fabrics in the Sao Roque pluton, but much more intense sinistral fabrics 
within the Itaqui pluton vis a vis the Itapeti pluton. 
·, \--\ .. 
+ ''. + \ 
GR. IS lUll! A + 
+ + 
+ + 
a) Summary map of the Sao Roque and ltaqui plutons b) Possible tectonics associated with emplacement 
(after Wernick et al1993) 
Figure 7.9 
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7 .4.5 The Sindacta pluton 
The Sindacta pluton is situated due south of the Sao Roque and Itaqui plutons that 
have been described in the previous section and has been structurally mapped by Spanner 
& Kruhl (in press) (Figure 7.10). In summary, their work demonstrates that this Granitic 
pluton was emplaced by sheeting during east-west extension associated with east-northeast 
trending Dn+Z shear zones. Where the magma preserves syn-emplacement fabrics these 
show well developed sinistral magmatic shear senses, very similar to those described from 
the Itapeti pluton (which had a similar orientation relative to the extension direction). 
c:=:J Country rocks 
- Canna Pluton r 
Slndacta Piuto\i 
c::;:;] Plagioclase-poor syenogran~e 
!IIIII Plagioclase-rich syenogranlte 
E;;l Contact 
E3 Interred contact 
0 Location of detailed 
mapping (Fig.4) 
3km 
47"08" 
Solld-elala fcllallon and 
IIIOYOII1en! dltaction at 
the hanging wall rocks 
Magmallc fellation and movement 
direcllon of the hanging wall rocks 
(tttf S~nmar!zed ehear-oense at 
-ru locations at the lllrlke-slip 
shear zones 
~ SUITIITI8tlzed ahear-eense of 
-ru IOCB!ions at the low-angle 
shear zones 
Figure 7.10 Summary map and tectonic interpretation of the Sindacta pluton (Spanner & Kruhl in press) 
7.4.6 Conclusions 
While there are few studies which have comprehensively interpreted the 
emplacement related structures preserved within granitoid plutons pene-contemporaneous 
within the studied plutons, a number of mapped plutons show internal and external field 
relationships comparable to those from the studied plutons. This suggests that a structural 
analysis of these plutons might elucidate similar magmatic fabrics to those observed within 
the studied granites. Henceforth it is suggested that regional east-west extensional collapse 
facilitated granitoid intrusion in most parts of the RPSSB between 630 and 520Ma. 
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7.5 Conclusion and discussion 
The purpose of this Chapter was to bring together the data analysed in the previous 
Chapters 4-6 to produce a regional tectonic model, for the ascent and emplacement of 
granitoid magma. The principcd teatures of this model are: 
• Regional orogenic dextral transpression took place before the intrusion of the plutons. 
This process is interpreted to have caused extensive crustal thickening, before inferred 
lithospheric delamination took place. 
• Such delamination increases the topographic height of the orogen, causing dynamic 
instability and extensional collapse. While the increased heat flow in the root of the 
orogen causes crustal anatexis and granitoid magma genesis. 
• The orogen is laterally confined and thus extension leading perhaps to collapse must 
take place in the convergence direction: This results in greater than 40% eastwards 
extension. Granite emplacement accommodates that extension. 
• Granite emplacement took place by ascent along shear zones and sheeting into 
dilatational cavities or local transtensional pull-aparts. Such magma generally exerted a 
relatively low effective stress on the surrounding rocks during emplacement with less 
than 20% of the width of the pluton being created by in-situ expansion. 
• Extension continued after pluton emplacement and was recorded by the orientations of 
microgranitoid dykes. 
• After a significant amount of cooling the pluton was overprinted by a dextral planar 
shear associated with a reassertion of convergence. 
• All these earlier fabrics were cross-cut by discrete mylonites recording compressive 
deformation. 
• Similar field relationships, internal structure and magmatic shear sense fabrics can be 
found within pene-contemporaneous plutons elsewhere within the RPSSB. 
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SECTION4 
Analytical considerations and final conclusions 
"Granite is not a rock which is simple in origin but might be 
produced in more ways than one" - a quote of J.B. Jukes, 
taken from Pitcher (1993) 
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8.1 Preamble 
Chapter 8 
Analytical considerations 
The granite plutons can be described from field evidence, but fieldwork only 
illustrates the final solution. At best it provides indications as to the methods or processes 
at work during ascent and emplacement. By modelling emplacement and related features in 
a dimensionally consistent manner, hypotheses about magma intrusion can be tested. 
In this chapter a number of mathematically simplistic but appropriately scaled 
models have been used to illustrate particular features associated with the studied plutons. 
······························································································································································································································· 
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8.2 Modelling mafic enclave shape during deformation 
8.2.1 Introduction 
Throughout the preceding section the axial ratio of incorporated mafic enclaves has 
been used to describe the strain state of magma during emplacement. This method is 
known to provide consistent and applicable results (Hutton 1977, 1988, Ingram 1992, 
Ingram & Hutton 1994, Molyneux & Hutton in press and this work), though some workers 
argue that at best it provides a significant underestimate of the imposed finite strain 
(Fowler & Paterson 1997). The methods and statistical analysis used during field analysis 
were described in Chapter 1. There are two assumptions inherent within that method: i) 
that the enclaves have strong mechanical coupling with the magma around them; and ii) 
that the enclaves were initially spherical before deformation. Both these assumptions were 
extensively discussed in Chapters 1 and 2. In this section a model is illustrated which 
analyses the three dimensional shape characteristics of an ellipsoid, analogous to an 
enclave, both before and after an imposed deformation. 
8.2.2 Methodology 
Examination of outcrops which contain abundant mafic enclaves show that they 
describe an elliptical shape with variable axial ratio (longest axis/shortest axis). Their three 
dimensional shape is difficult to describe from a single outcrop but serial sectioning of an 
enclave demonstrates that they are ellipsoidal, with minor lobate apophyses (Vernon 1983, 
Flinders & Clemens 1996). This study uses an ellipsoid as an approximation to an enclave. 
A section through the ellipsoid, parallel to one of the principle deformation planes, will give 
an ellipse, with a corresponding axial ratio. 
For a population of ellipsoids sectioned parallel and perpendicular to the principal 
strain planes of the strain/fabric ellipsoid will yield a series of apparent strain planes for 
the enclaves. In order to model the deformation characteristics of an ellipsoid population 
each enclave was defined mathematically, in terms of three orthogonal principle vectors, 
the magnitude of which are the princiPJJ axial lengths (Figure 8.1a, Equation 8.1 a-c) and 
axial ratios. In each of the princip~f strain planes (X-Y, X-Z, Y-Z), each enclave has 
apparent initial axial ratios (Rixy, Rixz, Riyz) (Figure 8.1a) . These can be determined using 
projection (Equation 8.3 , 8.4). In this way each ellipsoid can be defined with specific 
parameters (size, orientation, axial ratio), so defining the population characteristics. 
Equation of a sphere, of unit radius centred on the origin: 
x2 + y2 + z2 = 1 
Equation of an ellipsoid, centred on the origin, with axes parallel to the 
datum: 
(ax)2 + (by)2 + (cz)2 = 1 where a, b, care the orthogonal radial lengths 
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Equation 8.1a Equation of an ellipsoid, centred on the origin, with any set of three 
orthogonal principh./ vectors: 
Equation 8.1b 
(ax+by+cz)2 + (dx+ey+fz)2 + (gx+hy+iz)2 = 1 
where ax+by+cz, dx+ey+fz and gx+hy+iz are the cartesian form of any set of 
three orthogonal vectors which describe axial lengths: 
ILl I = -/(a2 + b2 + c2) 
I Lzl = -/(d2 + e2 + f2) 
I L31 = -/(g2 + h2 + i2) 
Equation 8.1c Expansion of Equation 8.1a produces: 
Ax2 + Byz + Cz2 + Dxy + Exz + Fyz = 1 
where, A = a2 + b2 + cz, etc. 
a)An ellipsoid orientated in space 
has 3 orthogonal princi~al vectors 
z 
~X and 3 orthogonal planes 
b)Projecting this ellipsoid into each of the 
principle planes give princip~tl ellipses with 
measurable axial ratios 
Ryz 
Figure 8.1 Characteristics of an ellipsoid I mafic enclave population 
Pre-deformation the principo./ vectors define the enclave ellipsoid uniquely in space. 
However if the ellipsoid is deformed, by pure or simple shear, these vectors continue to 
define the ellipsoid but are generally no longer orthogonal (Figure 8.2). The post-
deformation orientation of these vectors can be determined using a deformation matrix 
(Equation 8.2)(Tikoff & Teyssier 1993). In order to determine the new enclave ellipsoid 
princip vectors (Figure 8.2) the general ellipsoid equation (Equation 8.1) must be iterated, 
such that the deformed vectors are solutions. 
331 
............................................................................................................................................................................ A.r:.f!:!Y..~!.~.C!:~.-~.C!.'!.~!1:~r:.C!:~.~?.~.~-
Strain~ 
UNDEFORMED DEFORMED 
y y 
II.)Undeformed llXetS paralell to principle r>train axes, 
Rxy=l 
X--~ .. -~( iyJ=:sY. 
d) Non-spherte111l 1 ellisoid highly oblique to principle strain axes 
,_ €/iJ"" .. ~§?9:· 
Figure 8.2 Orientations of the princiJMI vectors before and after deformation 
Equation 8.2 The deformation matrix is defined by nine components and is symmetrical 
about its centre line, enabling the mapping of points before and after a pure 
and/or simple shear deformation (as used by Tikoff & Teyssier 1993). 
rA b c l 
The deformation matrix, D = lb B dl 
lc d cJ 
components A, B, C describe pure shear deformation along the principt/ 
axes, and components b, c, d describe simple shear deformation. This work 
describes deformation only during constant volume pure shear conditions 
and in these cases: 
A . B . C = 1 and, 
b=c=d=O 
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Hence to describe mapping of a vector a = ai + bj + ck, to a' during pure 
shear is simply: 
rA 
lo 
lo 
0 
B 
0 
D * a 
ol r al 
ol * I bl 
cJ l cJ 
= 
= 
i.e. a' = (A.a)i + (B.b)j + (C.c)k 
a' 
rA.al 
IB.bl 
lc.cJ 
where AlB, B/C and NC are the principle axial ratios of the strain ellipsoid 
XN, Y/Z and X/Z respectively. 
This iteration is most simply carried out by considering the two dimensional planar 
projected ellipses formed by this deformation i.e. set one of the axial components to zero 
(since the vectors are defined around the origin) and optimise the solution for these 
components, subject to the constraints outlined in Equation 8.3. The non-linear 
optimisation code of Lasdon & Waren (1983) is used, as implemented in Microsoft Excel 
v4.0. 
Equation 8.3, An ellipsoid is defined by the equations: 
(ax+by+cz)2 + (dx+ey+fz)2 + (gx+hy+iz)2 = 1 [8.1a] 
Ax2 + Byz + Cz2 + Dxy + Exz + Fyz = 1 [8.2b] 
If projected onto the X-Yplane i.e. z=O this becomes: 
Ax2 + By2 + Dxy = 1 the equation of an ellipse. 
Therefore given three non-orthogonal transformed vectors: 
a' = a'i + b'j + c'k 
b' = d'i + e'j + fk 
c' = g'i + h'j + i'k 
which are solutions to the equation 8.2b, where A-F are unknowns. A 
complete solution can be obtained by deriving three mutually consistent 
solutions, for the appropriate unknowns A-F, to each of the projected 
ellipses. 
For example, the projected transformed vectors: 
a'= a'i + b'j 
b' = d'i + e'j 
c' = g'i + h'j 
are solutions to Ax2 + By2 + Dxy = 1 
i.e. A.a'z + B.b'2 + D.a'.b' = 1 
but A, B and D are unknown, and hence during optimisation A, B, D are 
varied such that a', b', c' are solutions and the mathematical definition of an 
ellipse; 
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D2 - 4.A.B ::; 0 is satisfied 
since if, D2 - 4.A.B = 0, the solution is a circle, or if, D2 - 4.A.B < 0, the 
solution is an ellipse. 
This process is carried out concurrently for projected ellipses in each of the 
principd./"planes X-Y, X-Z and Y-Z. Iterating a solution for the equation of 
the ellipsoid. 
Note: This optimisation may represent a non-unique solution i.e. three 
vectors may be the solution of more than one ellipsoid. 
When iteration is complete and the final shapes and orientations of the entire 
ellipsoid population is known, each of the ellipsoids can be projected to the principcd planes 
to determine their apparent axial ratios and orientations. These projected axial ratios (Rfxz. 
Rfvz and Rxv) are a realistic representation of what would be measured in outcrop (Figure 
8.3) (Equation 8.4). 
Figure 8.3 
A deformed ellipsoid 
z 
L:'x 
J, 
Projected to princip~/ plane x-z, gives, 
an orientated ellipse sub-paralell to the 
principle axis. f ..... ~~3 .F?l.ia.tion. trace 
J, 
Whose axial ratio and angle to axes, 
can be found by transforming to the axes 
x-z (equations in text) 
z 
Rtxz=S 112 IT112 , where equation 
of ellipse is X2 IS + Z2 IT = 1 
Angle,S 
Projection, apparent axial ratio, axis transformation and orientation 
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Equation 8.4, The angle of orientation of the apparent axial ratio is defined by; 
tan 28 = BI(A - C) where Ax2 + Bxy + Cyz is the equation of the projected 
ellipse 
Then defining 8, the ellipse can be transformed to a set of co-ordinate axes 
which correspond to the long and short axes of the ellipse using the 
equations; 
x = Xcose - Y sine and y= Xsine + Ycose 
This produces a new simplified ellipse equation; 
SX2 + TY2 = 1 where; 
major axis length X'= 1/--JS and, minor axis length Y'= 1/--JT 
Hence, the apparent axial ratio is X'/Y' 
Completion of the analysis results in a set of orientated axial ratio data which can 
be analysed statistically in a similar way to field mafic enclave data, as detailed in Chapter 
1, the results of these analyses are detailed below for each of the studied populations. 
8.2.3 Results 
The iteration and deformation described above has been applied to five different 
initial ellipsoid populations of 35 ellipsoids, which had no prominent initial preferred 
orientation, deformed in 13 different, constant volume, finite strain environments (5 pure 
flattening strain, 3 plane strain and 5 prolate strain). Each of these populations and the 
results of the deformations are described below: 
These first three populations were defined such that the ellipsoids were initially sub-
spherical, any shape distributions being controlled by the initial conditions. 
Uniform distribution 
The uniform population consists of ellipsoids whose initial axial lengths were 
uniformly distributed over a range of 0 to 10 units in each of the three principc...l directions. 
The undeformed ellipsoid population has the characteristics listed in Table 8.1, note in 
particular the high degree of initial shape variability indicated by the standard deviation 
and w log values. 
Table 8.1 Initial characteristics of the Uniformly distributed ellipsoid population 
Number 35 
Averag-e axial ratio XJY 1.74 Standard deviation XJY 1.41 
Averag-e axial ratio X/Z 2.09 Standard deviation X/Z 2.18 
Averag-e axial ratio Y/Z 1.77 Standard deviation Y/Z 0.95 
Largest X 20.6 Smallest X 3.16 
Lar~rest Y 14.5 Smallest Y 6.80 
Larg-est Z 14.8 Smallest Z 3.04 
rologX 0.814 
rologY 0.329 
ro log Z 0.687 
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The post-deformation finite strain data recorded for this population is shown in 
Table 8.2. Of particular remark is the strong deviation within any recorded sample (up to 
200%) of the mean value, probably reflecting a magnification of the strong initial variation. 
Correlation between the imposed finite strain and the recorded axial ratio (Fig 8.4, Table 
8.11) is relatively poor. This is possibly a function of the poor definition of the mean value. 
This poor mean definition is further reflected comparing the outcrop and modelled 
histograms of axial ratios in Figure 8.10a, b, where the calculated mean is 5.62, standard 
deviation 17, but the graphical mean is 3. 
0 ~ 26 
3 21 
~ 
" 16 x 
-~ I ~ 26 ... j,l 
Ll ~,J ~ ~ . . ~ 6 .... 
11 
• Data 
-Re<>l X/1.= Pt"e<het.clX/Z 
• Initilll X/Z 
• 
16 21 26 
Applied X/Z strain 
• 
g • 
w ~~----~--------~--------~------~--------~-----
• 
• 
• 
• 
11 
• 
• 
• 
16 21 26 
Applied Y/Z strain 
I~:::; X/Y " Predicted X/Y 
Initial average X/Y 
10 11 
Applied X/Y strain 
Correlation between imposed finite strain and recorded mafic ellipsoid axial ratio for the uniform population 
Figure 8.4 
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Table 8.2 Imposed finite strains and recorded ellipsoid axial ratios for uniform 
population 
d fi . moose mite strams 
XJZ Y/Z XJY 
1.5 1.5 1 
2 2 1 
3 3 1 
5 5 1 
8 8 1 
10 10 1 
30 30 1 
4 2 2 
8 2.82 2.82 
5 2.24 2.24 
8 2 4 
10 2 5 
2 1 1 
3 1 1 
5 1 1 
log K-value 
0 
0 
0 
0 
0 
0 
0 
1 
1 
1 
2 
2.32 
00 
00 
00 
Normal population 1 
Mdlld II o e e e ipsoi d 
XJZ Standard 
deviation 
3.07 15.97 
2.76 39.7 
3.9 25.12 
5.62 17.3 
4.90 15.0 
7.84 14.31 
11.72 11.58 
6.95 32.6 
6.74 11.99 
5.24 7.86 
11.91 40.76 
12.85 16.26 
3.4 22.46 
4.91 19.41 
4.65 8.37 
axia ratios 
Y/Z Standard XJY Standard logK-value 
deviation deviation 
4.99 22.11 3.37 12.76 0.76 
5.32 4.21 1.8 13.9 0.35 
7.06 14.3 2.73 12.8 0.51 
8.89 21.9 2.81 14.1 0.47 
5.30 11.78 1.88 7.32 0.38 
10.78 40.7 2.33 4.68 0.36 
13.89 10.5 2.72 13.22 0.38 
5.77 9.35 3.29 11.2 0.76 
5 8.84 1.98 5.36 0.42 
4.96 8.80 2.26 7.86 0.51 
2.72 16.22 4.77 16.57 0.68 
4.59 18.5 4.21 19.6 2.32 
3.9 13.92 2.37 15.65 0.63 
3.57 35.54 2.55 9.62 0.73 
3.52 9.45 2.7 15.05 0.79 
This ellipsoid distribution consists of ellipsoids whose initial axial ratios were 
defined as being normally distributed with a mean value of 10, and a standard distribution 
of 1. Examination of the populations initial characteristics (Table 8.3) shows that the 
population has initial projected axial ratios close to unity and a well defined mean value 
(small standard deviation). 
Table 8.3 Initial characteristics of Normal population 1, axial length mean 10, 
standard deviation, 1 
Number 35 
Average axial ratio XJY 1.24 Standard deviation XJY 0.2 
Averag-e axial ratio X/Z 1.30 Standard deviation X/Z 0.48 
Averag-e axial ratio Y/Z 1.32 Standard deviation Y/Z 0.44 
Largest X 18.34 Smallest X 8.03 
Larg-est Y 33.11 Smallest Y 8.11 
Larg-est Z 10.00 Smallest Z 6.18 
wlogX 0.36 
wlogY 0.61 
wlogZ 0.21 
Post deformation (Table 8.4) the ellipsoids mimic imposed fmite strain well 
(correlation co-efficient -0.8) (Figure 8.5, Table 8.11), except at very high finite strains 
where the ellipsoid axial ratio significantly underestimates the imposed finite strain. 
Around the mean there is often a strong deviation, as shown in Figure 8.10c, which 
illustrates that for an imposed flattening Y/Z fmite strain of 5, (the population mean is 4.1, 
standard deviation 16) that the mean is identifiable. However there are additional spurious 
peaks, probably due to iterative error. 
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Table 8.4 Imposed finite strains and recorded ellipsoid axial ratios for Normal 
population 1 
Imposed finite strains 
XIZ 
1.5 
2 
3 
5 
8 
10 
30 
4 
8 
5 
8 
10 
2 
3 
5 
0 
" ~ 26 
. 
·E 21 
" X 16 
~ 
~11 
~ 
~ 6 
YIZ 
1.5 
2 
3 
5 
8 
10 
30 
2 
2.82 
2.24 
2 
2 
1 
1 
1 
• I 
XIY 
1 
1 
1 
1 
1 
1 
1 
2 
2.82 
2.24 
4 
5 
1 
1 
1 
• . 
log K-value 
0 
0 
0 
0 
0 
0 
0 
1 
1 
1 
2 
2.32 
00 
00 
00 
Mo d I e led e lipsoid axia ratios 
XIZ Standard 
deviation 
3.05 6.83 
3.51 9.77 
7.57 18.0 
8.67 25.6 
6.74 15.0 
9.75 16.7 
8.53 12.0 
5.83 15.3 
10.56 18.2 
6.02 7.18 
11.91 18.2 
11.56 26.0 
3.29 4.27 
5.2 11.52 
6.43 9.17 
Y/Z Standard 
deviation 
2.39 4.03 
3.31 9.23 
6.21 15.58 
4.1 16.38 
4.01 11.8 
4.94 17.9 
7.92 25.7 
2.7 3.56 
2.95 3.53 
2.75 3.41 
2.72 18.05 
3.08 4.03 
2.1 1.87 
2.16 1.85 
2.09 1.61 
• Data 
1
- Real X/Z = Predicted X/ 
Initial X/Z 
~ ~~------~------~--------~--------~--------~------
11 16 
Applied X/Z strain 
11 16 
Applied Y /Z strain 
• 
. 
• • 
Applied X/Y strain 
21 
21 
26 
I 
• Data 
-Real Y/Z = Predicted Y/Z 
Initial average Y/Z 
• 
26 
• Data 
-Real X/Y = Predicted X/Y 
Initial average X/Y 
10 11 
XIY Standard 
deviation 
2.18 2.36 
2.49 5.42 
1.98 2.76 
3.2 19.05 
2.63 18.0 
2.66 8.06 
3.31 9.43 
3.21 13.4 
3.42 9.56 
2.88 4.45 
4.77 9.56 
6.91 11.4 
2.88 4.16 
4.07 10.27 
5.1 9.03 
log K-value 
0.89 
0.76 
0.37 
0.82 
0.69 
0.61 
0.58 
1.17 
1.13 
1.05 
1.56 
1.72 
1.43 
1.82 
2.21 
Correlation between imposed finite strain and recorded mafic ellipsoid axial ratio for Normal population 1 
Figure 8.6 
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Normal population 2 
This ellipsoid distribution consists of ellipsoids whose initial axial ratios were 
defined as being normally distributed with a mean value of 10 and a standard distribution 
of 2. The populations initial characteristics are listed in Table 8.5, demonstrating slightly 
increased projected initial axial ratios and standard deviations compared with Normal 
population 1, consistent with the increased deviation. 
Table 8.5 Initial characteristics of Normal population 2, axial mean length 10, 
standard distribution 2 
Number 35 
Average axial ratio X/Y 1.42 Standard deviation X/Y 0.32 
Average axial ratio X/Z 1.40 Standard deviation XJZ 0.47 
Average axial ratio Y/Z 1.42 Standard deviation Y/Z 0.56 
Largest X 39.4 Smallest X 15.75 
Largest Y 65.1 Smallest Y 15.53 
Largest Z 24.9 Smallest Z 11.81 
rologX 0.40 
ro logY 0.62 
rologZ 0.32 
The post deformation population characteristics are detailed in Table 8.6. Figure 8.6 
and Table 8.11 show that there is good correlation between imposed finite strain and 
recorded average axial ratios (correlation co-efficient -0.85), with the relationship breaking 
down at high finite strains similarly to Normal population 1. Furthermore, as seen in all 
other populations deformed ellipsoids show a strong deviation around the mean values, as 
illustrated by Figure 8.10d, where imposed finite strain XIZ=5 and recorded mean finite 
strain is 4.44, standard deviation 7.65. 
Table 8.6 Imposed finite strains and recorded ellipsoid axial ratios for Normal 
population 2 
I d fi . mpose 1mte strams M d II d II" "d . I o e e e IPSO! ax1a ratws 
XJZ Y/Z X/Y log K-value XJZ Standard Y/Z Standard X/Y Standard log K-value 
deviation deviation deviation 
1.5 1.5 1 0 3.16 5.14 3.52 4.53 2.78 4.15 0.81 
2 2 1 0 2.3 3.03 2.48 2.13 1.85 1.59 0.68 
3 3 1 0 2.88 3.63 2.93 3.77 2.1 2.71 0.69 
5 5 1 0 4.44 7.65 4.05 6.99 2.16 2.93 0.55 
8 8 1 0 3.95 7.43 3.18 6.46 1.78 1.45 0.50 
10 10 1 0 8.49 14.8 6.09 9.22 2.19 4.03 0.43 
30 30 1 0 12.11 17.5 7.18 12.9 2.64 4.86 0.49 
4 2 2 1 4.13 7.03 2.74 7.31 2.8 4.13 1.02 
8 2.82 2.82 1 6.8 10.23 3.28 8.48 2.68 3.55 0.83 
5 2.24 2.24 1 5.72 10.73 2.82 4.34 2.82 6.66 1 
8 2 4 2 6.47 10.78 2.59 2.21 4.33 8.48 1.54 
10 2 5 2.32 10.67 19.0 2.54 2.40 5.65 8.94 1.86 
2 1 1 00 3.15 4.86 2.89 5.36 2.26 4.79 0.77 
3 1 1 00 3.83 6.28 2.84 6.03 2.66 4.00 0.94 
5 1 1 00 5.23 8.90 2.84 5.84 3.31 4.27 1.15 
339 
............................................................................................................................................................................. :!:.'!:f!:!1..~!.?.f!:~ .. ?.C!.'!:~!~~':.f!:~.!r:.r::.~. 
0 
~ 26 
N 
;::; 16 
~ 
~ 11 
~ 
. 
~ 
u 
I 
11 16 21 
Applied X/Z strain 
! • Data 
·-Real X/Z " Predicted X/Z 
Initial X/Z 
26 
I 
o Data J 
-Real Y/Z = Predicted Y/Z tlf: Initial average Y/Z 
~ 1~------~--------~--------~------~------~-------
11 16 21 26 
Applied Y /Z strain 
lli 
j•: j 
:::: 7 
"6 
• . 
~ 5 l 
• ~ 4 I 
• ~ J j •• • 
• Data 
-Real X/Y .. Predicted X/Y 
Initial averao;;~e X/Y 
~ 2' "'1 
10 11 
Applied X/Y strain 
Correlation between imposed finite strain and recorded mafic ellipsoid axial ratio for Normal population 2 
Figure 8.6 
In order to explore the effects of having a significant initial axial ratio associated with 
deformation two elongate populations were defined where one axial length was greater 
than the others. The characteristics and results are as follows: 
Elongate population 1 
The undeformed ellipsoids were defined as having one direction with a mean length 
of 10 and two directions with a mean length of 5, each of these directions having a standard 
deviation of 2. This sample produces initial ellipsoids with larger projected initial axial 
ratios than in either of the sub-spherical distributions (Table 8. 7) and a larger deviation, 
but no specific elongation in any particular direction. 
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Table 8.7 Initial characteristics of the Elongate population 1, one direction mean 10, 
standard deviation 2, two directions mean 5, standard deviation 2 
Number 35 
Average axial ratio X/Y 1.89 Standard deviation X/Y 0.76 
Average axial ratio X/Z 1.78 Standard deviation XJZ 0.69 
Average axial ratio Y/Z 1.74 Standard deviation Y/Z 0.65 
Lar~rest X 27.27 Smallest X 10.75 
Largest Y 40.57 Smallest Y 11.53 
Lar~rest Z 16.42 Smallest Z 5.31 
rologX 0.40 
rologY 0.55 
ro log Z 0.49 
After deformation the mean recorded axial ratio (Table 8.8) mimics the imposed 
finite strains well for lower values up to the imposed fmite strain of 10, but for the higher 
imposed finite strain of axial ratio 30 a significant underestimate is recorded in the 
modelled axial ratio population (Figure 8.7, Table 8.11). This behaviour is consistent with 
that recorded for each of the sub-spherical populations. In contrast to these sub-spherical 
populations R2 values are significantly lower in the Y/Z and XIY planes. This indicates that 
there is strong variation associated with this linear trend, which is due to the more elongate 
initial shapes. Similarly, the modelled populations show a strong deviation around the 
mean value, which is reflected in an example histogram Fig 8.10d, imposed deformation 
XIZ=5 (modelled mean 4.44, standard deviation 7.65), where the mean is identifiable, but 
with spurious peaks at the upper and lower ends of the distribution. These upper and lower 
ends peaks are understood to be due to iterative error in the calculation process. 
Table 8.8 Imposed finite strains and recorded ellipsoid axial ratios for elongate 
population 1 
d fi . mpose mite strams 
XJZ Y/Z X/Y 
1.5 1.5 1 
2 2 1 
3 3 1 
5 5 1 
8 8 1 
10 10 1 
30 30 1 
4 2 2 
8 2.82 2.82 
5 2.24 2.24 
8 2 4 
10 2 5 
2 1 1 
3 1 1 
5 1 1 
log K-value 
0 
0 
0 
0 
0 
0 
0 
1 
1 
1 
2 
2.32 
00 
00 
00 
M d II d 11" "d . I t" o e e e IPSO! ax1a ra 10s 
XJZ Standard Y/Z Standard X/Y Standard 
deviation deviation deviation 
3.1 7.23 3.21 6.09 2.19 2.89 
2.89 3.48 3.58 3.77 1.92 1.97 
3.84 4.70 2.98 9.17 2.47 4.06 
4.6 5.34 3.24 3.07 2.89 8.23 
4.3 1.5 2.96 6.54 2.12 6.45 
5.2 9.17 4.24 12.64 2.59 6.62 
9.42 34.1 9.66 34.77 2.52 8.34 
4.85 7.71 4.72 9.46 2.84 4.72 
5.78 9.92 2.73 4.12 2.71 3.44 
5.75 n/a 3.06 n/a 2.36 n/a 
6.62 19.88 2.72 4.39 3.04 7.99 
8.70 19.8 2.85 3.34 3.26 5.54 
2.96 2.13 1.86 1.56 1.82 1.27 
4.76 6.75 2.61 2.87 2.51 3.07 
5.46 5.88 2 2.21 3.14 5.46 
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Figure 8.7 
Elongate population 2 
This population was defined with a very significant initial axial ratio to each of the 
ellipsoids, one length was defined as having mean length 30, and the other two lengths as 
having mean length 5, with both lengths having standard deviation of 2. This produces a 
set of ellipsoids with the initial projected characteristics listed in Table 8.9, most notable 
here are the very high initial axial ratios and significant deviations, relative to any of the 
previously studied populations. 
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Table 8.9 Initial characteristics of Elongate population 2, one direction mean 30 
standard deviation 2, two direction mean 5, standard deviation 2 
Number 35 
Average axial ratio XIY 5.25 Standard deviation XIY 2.76 
Average axial ratio XJZ 4.89 Standard deviation XJZ 2.13 
Average axial ratio Y/Z 4.71 Standard deviation Y/Z 1.79 
Larl!est X 29.73 Smallest X 19.70 
Larl!est Y 26.93 Smallest Y 20.76 
Larl!est Z 10.06 Smallest Z 3.11 
wlogX 0.18 
wlogY 0.11 
wlogZ 0.51 
Mter deformation the ellipsoid axial ratios (Table 8.10) record a strong, and well 
defmed linear increase with applied finite strain (Table 8.11, Figure 8.8). In detail this 
shows that, at low imposed finite strains (X!Z=YIZ=XIY<4), the recorded axial ratio is in 
excess of the unity line but, at higher imposed finite strains recorded axial ratio data plots 
below the unity line (Figure 8.8). Within each sample the variation is very high, an example 
histogram (Figure 8.10f, applied flattening X/Z=3, mean 4.15, standard deviation, 7.87) 
shows an almost flat distribution across a wide range of possible axial ratios. These 
characteristics are a result of the elongate initial characteristics of the ellipsoid population. 
Table 8.10 Imposed finite strains and recorded ellipsoid axial ratios for elongate 
population 2 
d fi . mpose 1mte strams 
XJZ Y/Z XIY 
1.5 1.5 1 
2 2 1 
3 3 1 
5 5 1 
8 8 1 
4 2 2 
8 2.82 2.82 
5 2.24 2.24 
8 2 4 
10 2 5 
2 1 1 
3 1 1 
5 1 1 
log K-value 
0 
0 
0 
0 
0 
1 
1 
1 
2 
2.32 
00 
00 
00 
M d II d II' 'd . I o e e e lPSOI ax1a rabos 
XJZ Standard Y/Z Standard XIY Standard 
deviation deviation deviation 
2.67 5.38 3.05 7.93 2.39 6.37 
3.61 7.07 3.31 10.0 2.82 4.59 
4.15 7.87 4.26 16.9 1.98 2.41 
3.73 n/a 3.8 n/a 2.52 n/a 
4.45 10.2 4.72 9.03 2.69 3.93 
2.93 9.33 3.31 12.4 3.23 5.38 
5.03 9.74 5.2 20.6 4.38 5.29 
4.54 6.36 3.61 7.26 3.27 5.64 
5.23 8.38 2.93 5.21 3.69 2.47 
5.39 13.57 4.45 21.94 4.63 9.68 
2.73 3.90 2.67 5.10 2.93 3.10 
3.52 5.79 3.71 16.05 3.63 3.48 
3.53 5.75 3.08 10.66 4.34 9.38 
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Figure 8.8 
log K-values 
For each of the studied populations, at each of the imposed finite strains the log K-
value (Flinn 1962) was calculated as is recorded in each of the Tables 8.2, 8.4, 8.6, 8.8, 8.10. 
Figure 8.9 shows a graph of these values, imposed against calculated, showing that the 
modelled K-value shows very high variation relative to the predicted value. This is largely a 
result of the strong deviation in all of the post-deformation datasets. 
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Table 8.11 Correlation co-efficients for each individual dataset 
Correlation co-efficient = A, where for a straight line through the origin y= A.x; A being the 
gradient. R 2 is the degree of variability in the data set which describes the straight line y= 
A.x 
Pearson correlation co-efficient and R2, of imposed vs. modelled finite strains for each individual data 
set 
X/Z I R2 Y/Z R2 X/Y R2 
Correlation co-effs all data 
0.6729881 0.452912 0.727595 0.529394 0.640873 0.410718 
Correlation co-efts uniform population 
0.7236051 0.523604 0.875227 0.766022 0.46761 0.218659 
Correlation co-efts normal population 1 
0.4641761 0.21546 0.833402 0.694559 0.905617 0.820141 
Correlation co-efts normal population 2 
0.8487681 0.720407 0.888474 0.789387 0.819819 0.672103 
Correlation co-efts elongate population 1 
0.8659911 0.749941 0.570463 0.325428 0.655698 0.42994 
Correlation co-efts elongate population 2 
0.952761 0.907752 0.912682 0.828909 0.497388 0.247394 
8.2.4 Conclusions and discussion 
The data above demonstrates that a deformation matrix can be used to model the 
finite strain applied to a population of ellipsoids randomly orientated in space. As a 
mathematical exercise it demonstrates that: i) imposed deformation will be mimicked by the 
ellipsoids irrespective of the initial shape characteristics of the population; ii) that the 
iteration/optimisation method used produces ellipsoids which may not be a unique solution 
to the supplied data, inducing a wide variation into the results; iii) the linear relationship 
between imposed finite strain and recorded axial ratio breaks down at high imposed fmite 
strains, axial ratio >10. 
If the assumptions made at the beginning of this analysis, that an enclave can be 
modelled as a deforming ellipsoid and that there is strong coupling between granitic magma 
and enclave are valid, then the results of this model imply that: i) irrespective of even major 
initial shape obliquity, enclaves preserve a valid record of the imposed finite strains; ii) the 
strain record is easily interpretable for XfZ=YIZIXIY<10, but more complex at higher values; 
iii) measurement of mafic enclave axial ratios provides an accurate method of quantifying 
magmatic strain. 
The validity of the assumptions is questioned by Fowler & Paterson (1997) but the 
enclave axial ratio data measured as part of this study (see Chapters 2-8) and their field 
characteristics e.g. rings of concentrically increasing enclave axial ratio, used in conjunction 
with the models, demonstrates the general validity of using enclave axial ratio population 
measurements as strain markers. In particular this analysis invalidates the comments of 
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Vernon & Paterson (1993) who disregard enclave axial ratio measurements on the basis of 
axial ratio variation across an outcrop. Population variation is inherent and due to the 
initial characteristics of a population, enhancing through its variability, rather than 
inhibiting the analysis process. 
8.2.5 Further work 
The model described above illustrates the usefulness of this sort of modelling in 
correlating field data but there are some problems with it, in particular the variability 
within a sample. Any future, more robust analysis should include more ellipsoids and more 
ellipsoid defining vectors. Three vectors allows a variation to exist in the iterative solution. 
······························································································································································································································· 
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8.3 Modelling aureole deformation 
8.3.1 Introduction 
In Chapter 2 the deformation both within and around the Ardara pluton, NW 
Ireland were described and discussed. This pluton displays the remarkable co-existence of: 
i) concentrically increasing finite strain values within the pluton from the 'injection point' to 
the contact; ii) surrounding country rocks which display very high finite strain at the 
contact, and a rapid reduction in finite strain, approximately 500m from the contact (Figure 
2.8, 2.17a). 
The following analysis takes a line-section through the wallrock and aureole 
surrounding a pluton of identical size to the Ardara pluton. This modelled pluton is 
assumed to have been emplaced into homogenous country rock by in-situ expansion 
processes. The magma supply is taken as constant, maintaining steady-state temperature 
conditions in the aureole. The line-section is used to model the deformation in the aureole, 
given the conditions above, for a rheology which can be generally modelled using the power-
law equation (Equation 8.5). 
It is known from experimental work that under medium-low experimental strain 
conditions deformation can be modelled using a power-law equation e.g. Kirby 1983, 
Paterson 1987, Twiss & Moores 1992, Wilks & Carter 1990 (Equation 8.5, rheological 
theory was described in Chapter 1). In a power-law environment there is no linear 
relationship between stress and strain. The induced strain rate is dependent upon the 
applied differential stress O'd to the power n; when n=l the material behaves truly viscously, 
as a Newtonian fluid, but with increasing values of n greater plasticity is observed, until 
n>3 where the material becomes truly plastic. There is also a temperature exponent, which 
controls an energy barrier to deformation. The larger the value of the activation energy, Q, 
the greater temperature or differential stress is require to produce a given strain rate. 
Equation 8.5 A power-law rheology, 
E' = Acrdn exp ( -Q/RT) 
where O'd is the differential stress Ccr1 - cra), T is in Kelvin, Q is the activation 
energy, R is the gas constant, A is constant and n is the power law 
exponential. For crustal rocks n=2-3, Q=l50-260 kJ/mol and A=l0-3-10-6 Pa-
nfs (Twiss & Moores 1992) 
Using this !-dimensional power-law equation and applying it to deformation under 
a variety of possible conditions across the line-section (through the model aureole) while 
changing the value of n and Q, and varying the speed of expansion, it was hoped to provide 
an insight into the processes at work during the emplacement of the Ardara pluton. 
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8.3.2 Methodology 
The line-section is divided into elements, each 50m in width, each subject to a 
temperature and a differential stress, which can be shortened during pure shear 
deformation (Figure 8.11). the section will preserve a cumulative fmite strain through time 
integration of the strain rate. 
Figure 8.11 
Consider the T. differential stress, 
Strain rate and accumulated strain of 
Spherical in-situ 
expanding pluton 
Elemental approach to aureole deformation 
Temperature regime 
The temperature within the aureole of any pluton, which might be expanding 
during emplacement, is unknown unless recourse is made to theoretical models of hot 
cooling bodies. In this analysis the temperature profile is assumed to be steady state at all 
times across the aureole, and equivalent to that derived for the aureole of the Ardara pluton 
by Kerrick (1987). Figure 8.12 shows a parameterisation of that data which predicts a 
temperature of -650°C at the contact dropping to around 350oC at 1km distant. 
600 Fibrolite 
ou isograd 
....... 
0. 500 
E 
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E-< 
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Distance/Jan 
Figure 8.12 Temperature variation estimate across the aureole of the Ardara pluton, from Kerrick (1987) 
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Differential stress 
The differential stress affecting the wallrock is taken as the result of stress induced 
by the forceful expansion of the spherical pluton (Figure 8.13a) and is defined by Equation 
8.6, where, cr1 is orientated perpendicular to the pluton contact. for the purpose of this 
calculation on the line section cra = crz are orientated parallel to the pluton contact have an 
effective value of zero. This stress is recalculated for each element, for each increment of 
pluton volume, t},.V, occurring with every increment of time, Cit. 
A pluton expanding from radius R 
to a radius R+~R exerts a differential 
stress on any wallrock element 
where cr,=expansion stress + regional stress 
and cr,,cr_,=regional stress 
a) Differential stress due to pluton emplacement 
+++++++++ 
+ + + + + + + + + 
+++++++++ 
+ + + + + + + + + 
+++++++++ 
+ + + + + + + + + 
+++++++++ 
+ + + + + + + + + 
+++++++++ 
+ + + + + + + + + 
+++++++++ 
For each expansion increment, stress, induces a strain which 
shortens wallrock elements, which are re-sized, elemental strain 
is re-calculated before the next expansion increment. 
+ + + + + + + + + 
+ + + + + + + + + 
+ + ++ + + ++ + + ++ + + ++ + + 
+ + + + + + + + + 
+ + + + + + + + + 
+ + ++ + + ++ + + ++ + + ++ + + 
+ 
+ 
+ 
b) Strain accumulation through shortening 
Figure 8.13 
+ + 
+ 
+ + 
+ + 
+ + + 
+ + 
+ + + + 
+ + + + 
+ + + + 
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If a pluton em places a volume of magma 6 V which increases the pluton 
radius from Ro to Ro+6R this requires the movement of country rock away 
form the pluton a distance 6R, which is achieved through applying a 
differential stress, <Jd, to induce a strain. 
Stress= Force/Area hence, 
Equation 8.6 Differential stress at the contact is simply, 
<Jd = 6 V.(pg- Per)/ 47tRo2 
where pg and Per are granite and country rock densities respectively. 
Differential stress can be found throughout the aureole by substituting 
distance from pluton centre for Ro + 6R. 
In the case of Ardara pg- Per = 70 kg/m3 (Akaad 1956a, Young 1966) 
Strain accumulation 
For each element during each time increment Equation 8.5 describes an induced 
strain rate. Time integrating this strain rate over 6t, describes the fmite strain 
(extension/length) recorded in the plane of the model by this element. In order to calculate 
the accumulated finite strain it is necessary to take account of the shortening (wallrock 
shortening) of each element due to the incremental strain. When this shortening has been 
calculated, the average strain for initial element size is calculated (Figure 8.13b). This 
averaged incremental value can then be added to the accumulated fmite strain value for 
each element. 
The model was devised and run using Fortran 77 code (listing in Appendix 14), 
implemented on a HP-UX workstation. The results obtained are detailed below. 
8.3.3 Results 
A number of different emplacement environments were modelled, firstly varying 
the power-law exponential, secondly varying the activation energy and thirdly examining 
the effect of variable speed of intrusion. In all cases element size is 50m. The accumulated 
strains (referred to as finite strains) are plotted to a distance of 4000m from the contact. 
Each set of results is accompanied by a set of graphs detailing the results: the first shows 
the accumulated strain (extension/length) on a log scale, the second has this finite strain re-
calculated as strain ellipse axial ratio on a log scale, the third shows the same data on a 
uniform scale and the final plot has finite strain re-calculated as accumulated country rock 
shortening. Where not stated the time allowed for emplacement is 10,000yrs and the time 
increment is 1 yr. The other calculation co-efficients used are n=2.5, A=10-4Pa-n/s and 
Q=105kJ/mol, values which are consistent with experimentally derived power-law 
deformation co-efficients. 
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Variation in power-law exponential 
From Equation 8.5 increasing the value of n increases the rate at which increasing 
differential stresses can overcome the retarding effect of the temperature exponential. 
Published studies suggest a large variation in the value of the power-law exponential (n=1 
through to n=83 Shea & Kranenburg 1993) though most experiments suggest n is between 1 
and 4 (Twiss & Moores 1992). A number of scenarios were run for an expanding pluton, 
using large variation in n. 
The results showed that with increasing n there is a zone which increases in width, 
into which finite strains are partitioned (Figure 8.14). When n is greater than 6, this zone of 
high strain extends throughout the measured section. Any, even a small differential stress, 
results in very high strains, i.e. plastic behaviour. For n=1 there is no deformation 
partitioning and deformation is entirely viscous. At intermediate values of n (2-3) there is 
an inner zone ofhigh strain plastic deformation, before a rapid drop in finite strain (Figure 
8.14c) to a viscous zone where little to no finite strain is recorded. 
Using the accumulated finite strain at the contact and at -500m from the model 
pluton contact suggests a time averaged strain rate of 1Q·5s-1 and 10-lOs-1 respectively for 
n=2.5, values which are consistent with laboratory experiments and possibly similar to 
those experienced in the fastest geological processes. 
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Variation in activation energy 
Variation of the activation energy affects the influence of temperature in the 
exponential term of Equation 8.6. Increasing activation energy results in increased 
retardation for a given applied stress at a given temperature i.e. a higher temperature is 
required to induce a given fmite strain at a given applied differential stress. For the 
standard criteria defined above the model was run varying activation energy, Q between 
103 and 106 kJ/mol. 
This variation in Q produces changes in the width and character of the partitioned 
high strain zone closest to the pluton contact (Figure 8.15). At low Q, 103kJ/mol, any energy 
barrier to deformation is quickly overcome and high fmite strains are recorded across the 
model but at high Q, greater than 2x105 kJ/mol, the energy barrier is too great and almost 
no finite strain is recorded for the differential stresses induced in this model. When Q is 
intermediate between these values there is a variation in the width of the deformed zone 
and also in the rate of change from a viscous to a plastic regime. Increasing Q results in a 
more distributed variation with a consequent a sharp change in deformation intensity 
implying a lower Q value. 
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Variation in emplacement timescales 
Petford et al (1993) demonstrate that magma ascent through dykes could result in 
the emplacement of very large volumes of granitic magma in a very short timescale (102-103 
yrs), whereas ascent as diapirs results in magma emplacement over a period of -106 yrs. By 
varying the volume of magma emplaced during each increment the emplacement period 
was varied between 103 and 2x104 yrs. 
Examining Figure 8.16, shows that reducing the timescale increases the width of 
the inner zone of partitioned high finite strain. This is a result of the increased differential 
stresses induced by increased volumes of magma being emplaced in a given time, hence 
sufficient stress exists to overcome the 'energy barrier'. A thinner zone of high finite strain 
implies a shorter period of emplacement. 
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8.3.4 Conclusions and discussion 
In the analysis above data has been collected on the deformation characteristics of 
power-law wallrock around an in-situ expanding ideal pluton, assuming steady-state 
thermal conditions. There are three primary conclusions that can be made: i) that a power-
law rheology is trivariate, depending upon the exponential co-efficient, applied differential 
stress, and activation energy. All three affect the width of the inner high finite strain zone, 
but activation energy also affects the nature of the transition between high and low finite 
strain; ii) in-situ expansion, given these boundary conditions, results in an inner zone of 
very high finite strain, before rapid transition to a lower finite strain zone as the distance 
from the contact increases; and iii) any real pluton is unlikely to display the homogenous 
wallrock rheology and steady-state conditions set-up here. 
Given these data and applying it to observations made around the Ardara pluton, 
detailed in Chapter 2, is particularly interesting. The wallrock surrounding the pluton 
shows relatively low, but quantifiable finite strains in the far-field wallrock recognisable up 
to 7km from the pluton. At a distance of approximately 1.5km from the pluton a pervasive 
intrusion related cleavage forms (Meneilly 1982). At 500m from the contact bedding, early 
cleavages a deflected such that they are sub-parallel to the intrusion related cleavage 
implying that a very high finite strain is present in the wallrock (Fig 2.18). Strain 
measurement within the pluton also suggest that there is a strong component of in-situ 
expansion (part 2.3). This transition is similar to that identified in the power-law model. 
Therefore it is reasonable to consider the Ardara pluton as being analogous to the model 
and that during in-situ expansion, the wallrock was acting as a power-law fluid. Hence, 
given an assumed timescale for emplacement of 10,000yrs (consistent with estimates of 
pluton filling through dykes Petford et al 1993, Part 8.4), the Ardara pluton wallrock 
rheology had co-efficients of A=10-4 Pa-n/s, n=2.5, and Q=105kJ/mol. Given that there is no 
precise knowledge of the rheology co-efficients in the wallrock there is necessarily a 
quadrivariate field of possible solutions (time, A, n and Q dependent). 
It is interesting to contrast this work with that of Weinberg & Podlanchikov (1994, 
1995) on diapiric rise through a power-law crust. These authors demonstrate for the rise of 
a body through a power-law fluid the width of cumulative strain aureole actually gets 
smaller for increasing n (power-law exponential). This is a consequence of the cumulative 
strain field formed by material travelling past the rising diapir. Therefore if the width of 
the strain 'aureole' and the rheological coefficients of the wallrock are known, it could be 
possible distinguish between the relative importance of diapiric and in-situ expansion 
processes during ascent and emplacement. 
Si:rn:ilarly if this model were applied more generally, to a pluton aureole whose country rock ,. 
and magma, finite strain and deformation characteristics are well known, it could be 
possible to establish a field of possible wallrock and emplacement criteria. If, in addition, 
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appropriate experimental data was available on the deformation characteristics of the 
wallrocks a narrowing of the field would take place, and estimates of the length of time of 
emplacement could be made, assuming that in-situ expansion was entirely responsible for 
emplacement. 
359 
............................................................................................................................................................................. ~.'!:l!:!l.~!.~.C!:~ .. ~.?.'!:~!~~r:.c::~!.l!.':':.~. 
8.4 Speed of emplacement 
8.4.1 Introduction 
Magma ascent through the crust has physical constraints which, through proper 
examination of the conditions prevailing in the lithosphere during formation ascent and 
emplacement, can be modelled to demonstrate how fast plutons can be emplaced at high 
crustal levels. Chapter 1 reviewed this area. In summary, if it is accepted that magma 
forms through a combination of mantle melt and crustal anatexis and travels through the 
crust to its point of emplacement, then there are two end-member solutions to magma 
transport, that of diapirism and that of dyking/magma sheeting. 
Diapirism 
This process assumes that magma travelled from a source region through the crust 
to its level of emplacement as a single magma body or multiple large bodies. This method 
has been described extensively in the literature, in early work by Ramberg (1967, 1970) and 
more recently by Marsh (1982), Schmeling et al (1988) Cruden (1988, 1990) and Weinberg & 
Podlanchikov (1994, 1995). In the following analysis the easily applicable equations 
describing a 'Hot Stokes' diapir, Marsh (1982), and their modifications by England (1988) 
are used to calculate 'ballpark' ascent rates for each studied pluton. Each pluton is 
considered as an equivalent diapir, this being a sub-spherical body, whose volume is 
estimated to be similar to the emplaced pluton, irrespective of the final outcrop shape. 
Dykinglsheeting 
In this process magma travels from its source, along discrete conduits as dykes or 
sheets and is assembled piecemeal at the level of emplacement. Leake (1978) and Pitcher 
(1979) first suggested sheeting as an emplacement method from field evidence, but only 
with the calculations of Clemens & Mawer (1992) and Petford et al (1993) have the 
implications of this process become apparent. In the following analysis the calculations set 
out by Petford et al (1993) are used to assemble plutons of similar volume to the studied 
plutons, through dyke-like conduits of varying sizes. 
8.4.2 Methodology 
Hot Stokes diapirs 
The Stokes (1851) equation (Equation 8.7) describes the buoyant ascent of a solid 
spherical body through a medium of uniform viscosity e.g. air bubbles in water. This 
equation has limited applicability to a magma emplacement setting given that the Earth's 
crust is not isoviscous, a magmatic diapir may not be entirely solid and magma is generally 
hot relative to the surrounding crust, resulting in additional heat transfer related criteria. 
Marsh (1982) integrated these criteria into the 'Hot Stokes' model for ascent of hot (relative 
to the surroundings) spherical bodies through a material whose viscosity is dependent on 
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temperature (Equation 8.8) (Figure 8.17a). The material (wallrock) viscosity is defined as 
varying exponentially with a value 111 at the contact increasing to ll~ at oo (Equation 8.9). 
Equation 8. 7 Ascent velocity of a spherical body in an isoviscous system, Stokes' Law. 
V = 2a2(pH- pL)g/911 
Equation 8.8 Hot Stokes' equation for ascent of a sphere through a variable viscosity 
medium. 
v = 2~pga2f2/3A(l + 0.5Pe0.5)21ll 
where Pe = Peclet number = va!K where K is the thermal diffusivity, v 
velocity of ascent and a the radius of the ascending body. 111 is the contact 
viscosity, and ~p the density difference between the medium and the 
ascending sphere. f is a co-efficient which refers to the difference between 
the width of the thermal aureole (taken as f=0.33 through out), d', and the 
width of a softened boundary layer d, such that: 
d =f. d', where d' can be defined as d'= a/(1+ 0.5PeO.S) 
..... 
al Parameters affecting diapiric ascent 
b) Parameters affecting dyking ascent 
Figure 8.17 
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Equation 8.9 Assumed viscosity variation in the wallrock, 
J.!(y) = Jl.1 exp (Ay/d) where y is distance from ascending sphere, J.l.1 is 
viscosity at contact, d is the width of a the softened boundary zone pluton 
and A is a co-efficient. A can be estimated by taking estimates of J.l. at the 
contact (1018Pas) and in the far field (1022Pas). 
As it stands this equation has no unique solution given that the calculated ascent 
velocity v, appears on both sides of the equation. It can be solved iteratively for particular 
deformation zone thicknesses or contact viscosities. To eliminate this variation England 
(1988) defines a minimum Peclet number (Equation 8.10) based on the minimum strain rate 
recorded in the far-field, which allows a minimum ascent velocity to be uniquely defined 
after substitution into Equation 8.8. Marsh (1982) also recognised the possible importance 
of multiple pluton ascent along a single conduit and used the equation for a spheres ascent 
through a fluid filled cylinder to define it (Equation 8.11). 
In the following analysis the equations 8.8-8.11 are used to determine possible 
ascent rates and times of emplacement for each of the studied plutons. For simplicity the 
diapirs are considered as isothermal, ascending through a homogenous medium. 
Equation 8.10 Minimum Peclet number after England (1988), 
Pe = 4a2£' I K, where E' is the minimum strain which might be recorded in the 
aureole taken as 10·14 s-1. 
Equation 8.11 Repeated ascent along a single conduit. 
V"" a2 .!lpg/52J.1.1* . (f/(1 + f + 0.5Pe0.5) 
where J.1.1* =A J.l. 
Dykinglsheeting 
Petford et al (1993) take a mechanistically simplistic approach, to modelling the 
ascent of magma as dykes or sheets which exploit existing faults, fractures, shear zones or 
lineaments, forming feeder dykes. This is a development of the theoretical and 
experimental models of Lister & Kerr (1991) and Clemens & Mawer (1992). Neglecting the 
forces required to nucleate a dyke, and using appropriate thermal and rheological 
constraints to laminar fluid flow between two parallel plates leads to Equation 8.12, which 
describes the critical minimum dyke width required for fluid flow (Figure 8.17b). Extending 
this allows calculation of the average velocity in Equation 8.13, and the time required for 
emplacement of an entire pluton (Equation 8.14) assuming uniform and constant magma 
supply. 
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Equation 8.12 Equation for critical dyke width, 
We = 1.5(Sm!S_2)314(J.!Klllg~p)114, where We is the critical dyke width, H is the 
length of the dyke (zone of anatexis to the surface), K thermal diffusivity, 11 
the magma viscosity and S~ and Sm Stefan numbers defined by 
S~ = Uc(Tw- TJ 
Sm = Uc(Tm - Tw), where Lis the latent heat of solidification, c the specific 
heat, Tw the temperature at the dyke wall where the magma is effectively 
frozen, T~ the far-field temperature of the crust and Tm the initial magmatic 
temperature 
Equation 8.13 Horizontally averaged ascent velocity Vav, 
Vav = g~pwe2/121l 
Equation 8.14 Time taken to emplace an entire pluton ofvolume, Q 
~t = Q/VavWel, where 1 is the lateral extent of the conduit. 
In applying these equations to the studied plutons a number of variable conduit 
lateral lengths were used (detailed in the results) and each dyke was assumed to travel up 
through 30km (dyke length) of crust, from source to emplacement. Using these boundary 
conditions a population of possible results was defined by varying the possible magma 
conditions by changing magma viscosity from 104 to 108 Pas, magma initial temperature 
(Tm) between 900 and 700°C, and the magma freezing temperature (Tw) between 750 and 
550°C. Only magma far-field temperature was kept constant at 350°C, consistent with field 
evidence from both field areas. These populations defmed a range of possible conditions the 
characteristics of which are described below. 
8.4.3 Results 
Each of the emplacement analyses carried out has used a similar set of defined 
physical parameters which are known to be consistent across the majority of the country 
rocks and granites. These are detailed in Table 8.12 below: 
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Table 8.12 Physical properties of granite and metamorphosed country rock, where no 
specific reference is made the general parameters set out by Petford et al (1993) have been 
used 
Properties Granite Country rock 
Ardara Atibaia I Morro Donegal Brazil 
Azul I Imbiricu 
I Itapeti 
Density, p I Kgm-3 2.68 Akaad 2.65 Telford et 2.75 Young 2.96 Telford et 
(1956a) al (1990) (1966) al (1990) 
Specific heat Co I J-1 oC-1 1.2 1.2 1.2 1.2 
Latent Heat magma u 3 x105 3 x105 
J/Kg 
Thermal diffusivity, 1( I 8 X 10-7 8 X 10·7 8 X 10·7 8 X 10-7 
m2fs 
Far field country rock 1 X 1022 1 X 1022 
viscosity/ Pas 
Granite viscosity range/ 104 - 108 104 - 108 
Pas 
The Ardara pluton 
As described extensively in Chapter 2, the Ardara pluton is a sub-spherical pluton 
which has been cited as a type example of both a diapirically emplaced and a ballooning 
pluton, expanding in-situ from a central magma source. In this analysis pluton volume is 
taken as a sphere, or spheres (where each sphere is the volume of one magmatic phase), 
whose radius is equivalent to the pluton radius, or the equivalent pluton radius for that 
magmatic phase respectively. These pluton volumes are then analysed as a single Hot 
Stokes diapir, multiple diapirs following a similar path and as an in-situ expanding 
spherical pluton fed from a linear source, the results are: 
1. A Hot Stokes diapir - The ascent of the Ardara pluton as a single Hot Stokes diapir 
has been modelled in two ways. The first uses an iterative solution to Equation 8.8 for a 
fixed contact viscosity, the second uses the far field Peclet number defined by England 
(1988), Equation 8.10. The results of this first analysis, using a contact viscosity of 
1x1018 Pas (an experimentally determined value for high temperature wallrock creep, 
quoted by England 1988) are shown in Table 8.13. Of particular remark is that the 
calculations predict an inner deformed zone of width 800m and a thermal aureole of 
2.5km, in conjunction with a time for ascent along a 30km conduit of 2.9Ma. 
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Table 8.13 Optimised diapiric ascent characteristics for the Ardara pluton 
ascent velocity/rnls 3.21x10·10 
tlplkg/m3 70 
radius pluton/m 4000 
d I deformed zone 808 
~1, contact viscosity 1x101B 
f 0.33 
Peclet number/Pe 1.61 
Conductivityfm2/s 8x10·7 
d', thermal aureole/m 2448 
g 9.81 
viscosity co-efficient 0.93 
Emplacement time/ Ma 2.9 
Applying the minimum Peclet number using a number of different contact 
viscosities (1014_1018 Pas) produces the data in Table 8.14 which shows that the 
minimum far-field Peclet number is a factor of 2 lower than that calculated by iteration, 
and in this case predicts a deformed zone 900m in width and a thermal aureole 2.7km 
wide. In particular these data demonstrate that strong variation in ascent rate is caused 
by variation in contact viscosity. If contact viscosity was reduced to 1014 Pas then ascent 
of a diapir through 30km of crust would occur in less than 500yrs, alternatively setting 
viscosity at 101s Pas and the emplacement time is 131Myrs. 
Table 8.14 Ascent data for far-field Peclet number and variable contact wallrock 
viscosity, Ardara pluton 
ascent velocity/rnls 7.25x10·12 4.83x10·ll 3.63x10·10 2.9x10·9 2.42x10·B 2.07x10·7 L81x10-6 
tlplkg/m3 70 70 70 70 70 70 70 
radius pluton/m 4000 4000 4000 4000 4000 4000 4000 
d, deformed zone/m 912 912 912 912 912 912 912 
~1. contact viscosity 1x1020 1x1019 lx1018 lx1017 1x1016 1x1015 1x1014 
f 0.33 0.33 0.33 0.33 0.33 0.33 0.33 
Minimum Peclet 0.8 0.8 0.8 0.8 0.8 0.8 0.8 
number 
Conductivityfm2/s 8x10·7 8x10·7 8x10·7 8x10·7 8x10·7 8x10·7 8x10·7 
d', thermal aureole/m 2763 2763 2763 2763 2763 2763 2763 
g 9.81 9.81 9.81 9.81 9.81 9.81 9.81 
Viscosity co-efficient, 0.52 0.78 1.05 1.31 1.58 1.84 2.10 
A 
Emplacement time/yrs L31x10B L96x107 2.62x106 3.27x105 3.9x104 4590 524 
2. Multiple diapirs - In this case each of the plutonic phases present within the pluton (3 
in Ardara) are considered to have ascended as individual diapirs (Equation 8.8), with 
unique ascent paths, and also as single diapirs, following the same ascent path 
(Equation 8.11), using pluton volume estimates to calculate the effective diapiric radius 
of each phase. The results are shown in Table 8.15 and demonstrate that: i) if the 
plutons are considered as having unique ascent paths their ascent velocity is low, ( -10·10 
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m/s) resulting in individual ascent times of 3-4Ma (total time -liMa) and deformed 
zones around the contact of each plutonic phase of -650m; ii) if the plutons use a similar 
ascent path (one is encased in an annular shell of the previous phase) then G2 and G3 
ascend an order of magnitude faster than when a unique path is considered, giving a 
total time for ascent of -4Ma. 
Table 8.15 Ascent rates of multiple diapirs along a single conduit 
Phase G1 G2 G3 
Ascent velocity if 2.7x10·IO 2.68x10· 2.54x10·10 
individual single plutons 10 
lrn/s 
.6p/kg!m3 70 70 70 
radius pluton/m 3110 3085 2855 
d, deformed zone/m 678 674 638 
Jl!, contact viscosity 1.0x1018 1.0x1018 l.OxlOIB 
f 0.33 0.33 0.33 
Minimum Peclet number 1.04 1.03 0.906 
Conductivitylm21s 8.0x10·7 8.0x10·7 8.0x10·7 
d', thermal aureole/m 2056 2045 1934 
g 9.81 9.81 9.81 
Viscosity co-efficient, A 0.78 0.77 0.73 
Emplacement timelyrs 3.52x106 3.54x106 3.74x106 
Volume of each phase/m3 1.26x1011 1.23x1011 9.75x1010 
Then recalculating for multiple diapirs 
using the same conduit 
Ascent velocity I !nls G2 after G3 after 
G1 G1&G2 
2.83x10-9 2.8x10·9 
Emplacement time using 3.36x105 3.3x105 
identical conduit I yrs 
3. Sheeting I dyking - Equations 8.12-8.14 were used with variable initial magma 
conditions, to calculate a population of critical fracture sizes and ascent rates. Pluton 
filling periods were then calculated using the lateral dyke extent. Two estimates were 
made; the first of 750m, the estimated minimum radius of the injection zone (see 
Chapter 2); the second of 7000m, the approximate length of the southern shear zone and 
the maximum possible conduit length. The conditions were set with the aim of defining a 
population of values within which all possible magma and conduit conditions for this 
pluton would lie. The results are plotted in Figure 8.18 and raw data collated in 
Appendix 15. Figure 8.18 shows that the majority of data clusters around an 
emplacement time of 103 to 104 yrs and corresponding conduit widths of 0-20m, the mean 
emplacement time being 4140 yrs and mean fracture width 10m. These values are for 
continuous magma supply and hence probably a significant under-estimate. However 
the emplacement time, if magma supply is sufficient to achieve critical dyke width only 
10% of the time, is 105 yrs. 
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Figure 8.18 Ardara pluton, emplacement time against critical fracture size 
Plutons from the Rio Paraiba do Sul shear belt 
Each of the plutons from the Rio Paraiba do Sul shear belt has been modelled using 
similar calculations to those set out for the Ardara pluton. The plutons of the belt all have a 
linear shape, or a determinable three dimensional shape. Their volume has been 
determined using best estimates of average pluton depth, determined from geophysical data 
(5km from Vigneresse 1988). From this volume estimate effective diapir sizes have been 
calculated, before modelling them as Hot Stokes diapirs. Furthermore this volume estimate 
has been used to determine critical dyke widths and pluton filling times using a dyking 
sheeting model. For each pluton three conduit lengths were modelled: i) the undeformed 
length of the pluton; ii) half the undeformed length of the pluton; and iii) 1000m. 
1. A Hot Stokes diapir - Each of the plutons has been modelled using the iterative 
approach of Equation 8.8 and, for a contact viscosity of 1018Pas, the results of these 
calculations are shown in Table 8.16. Generally each pluton would have been an 
equivalent diapir, which rose at a speed of 5-7x10·10 rn/s, and produced a deformed zone 
of 500-700m width within a thermal aureole 1.5-2.0km wide. These values would have 
resulted in diapiric ascent through 30km of crust in 1.2-1.6 Ma. 
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Table 8.16 
shear belt 
Optimised diapiric ascent data for the plutons of the Rio Paraiba do Sul 
Pluton Atibaia Imbiricu Itapeti Morro Azul 
ascent velocity/rnls 7.81x10·10 7.08x10·10 5.60x10·10 6.68x10-10 
<lp/kg/m3 201 201 201 201 
radius pluton!m 4160 3541 2462 3228 
d, deformed zone/m 683 620 490 585 
Jlt, contact viscosity 1x1018 1x1018 lx1018 1x1018 
f 0.33 0.33 0.33 0.33 
Peclet number 4.0 3.12 1.72 2.69 
Conductivity/m2/s 8x10-7 8x10-7 8x10-7 8x10-7 
d', thermal aureole/m 2070 1880 1486 1773 
g 9.81 9.81 9.81 9.81 
Viscosity co-efficient, A 0.787 0.714 0.564 0.673 
Emplacement time/Ma 1.2x106 1.3x106 1.6x106 1.4x106 
Using the alternative method for calculating the Peclet number described by England 
(1988) (Equation 8.10), and a far field strain rate of 10-14 s-1, results in minimum ascent 
speeds controlled by the contact viscosity (Table 8.17), enlarged deformed zones and 
thermal aureoles, relative to the iterative approach (Table 8.16). Using two possible 
limiting cases for the wallrock viscosity shows, the very wide variation in the ascent 
speed (10-6-10-11 m/s) and emplacement time (107-102 yrs) depending upon the viscosity of 
the wallrock (1020-1014 Pas). 
Table 8.17 Ascent data for far-field Peclet number for plutons from the Rio Paraiba do 
Sul shear belt 
Pluton Atibaia lmbiricu Itapeti Morro Azul 
ascent velocity/rnls 2.14x10-11 5.35x10-6 1.91x10-11 4.78x10·6 1.45x10-ll 3.64x10·6 1.79x10·ll 4.47x1o-s 
<lplkg/m3 201 201 201 201 201 201 201 201 
radius plutonlm 4162 4162 3541 3541 2462 2462 3228 3228 
d, deformed zone/m 937 937 837 837 637 637 782 782 
Jl!, contact viscosity 1x1020 1x1014 1x1020 1x1014 1x1020 1x1014 1x1020 lx1014 
f 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 
Peclet number 0.86 0.86 0.62 0.62 0.30 0.30 0.52 0.52 
Conductivity/m2/s 8x10-7 8x10·7 8x10-7 8x10-7 8x10·7 8x10-7 8x10-7 8x10-7 
d', thermal aureole/m 2840 2840 2536 2536 1930 1930 2371 2371 
g 9.81 9.81 9.81 9.81 9.81 9.81 9.81 9.81 
Viscosity co-efficient, 0.540 2.16 0.482 1.93 0.367 1.47 0.451 1.80 
A 
Emplacement 4.44x107 177 4.97x107 199 6.53x107 261 5.32x107 212 
time/yrs 
2. Sheeting I dyking- Applying calculations of Petford et al (1993) to the plutons of the 
Rio Paraiba do Sul shear belt, and using similar criteria to those used for the Ardara 
pluton for each of three conduit lengths (see above) is shown in Figure 8.19 and 
Appendix 16. Similarly to the Ardara pluton data these show that the data population 
favours conduit critical widths of 0-10m (average 8.5m) with average pluton 
emplacement periods of between 300 and 1500yrs, (average 1495yrs for Atibaia, 973yrs 
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for Imbiricu, 726yrs Morro Azul and 322yrs for Itapeti). Allowing for intermittent 
magma supply to achieve critical dyke width, with magma flowing perhaps only 10% of 
the time, these calculations predict very short periods for pluton emplacement. 
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Figure 8.19 Plutons from Rio Paraiba do Sul shear belt, emplacement time against critical fracture size 
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8.4.4 Conclusion and discussion 
The calculations described above provide a simple comparison of the ease of 
emplacement of granitoid plutons by diapiric or sheeting processes. In particular they 
illustrate the following points: 
1. Speed - The time required for the emplacement of diapirs of the sizes studied in this 
work, is of the order of millions of years. Whereas using magmatic sheets to assemble 
the pluton emplacement can occur in hundreds to thousands of years, even with an 
intermittent supply. 
2. Heat transfer - These results do not take into account the problems associated with 
heat loss during ascent through a heterothermal crust. Since dyke ascent is so rapid, and 
thermal conductivity ofwallrock is very low Petford et al (1993) suggest that this is not a 
significant effect during sheeting, but during the long ascent times of Hot Stokes diapirs 
such an effect is significant (Marsh 1982). The production of realistic, accurate models of 
heat transfer is complex and beyond the scope if this study. 
3. Conduit width - In order to understand the possible variation in critical dyke width 
during emplacement of a single or multiple plutons a wide range of magma properties 
were used. These show a strong clustering of data around critical widths of 0-10m. A 
result which is largely controlled by S~, and hence, T~, the far-field metamorphic 
temperature of 350°C (assumed to be identical in both areas). Hence, for greenschist 
conditions the critical dyke width is 0-10m and, more generally, given variable magma 
conditions, metamorphic temperature controls dyke width. 
4. Contact viscosity - In the study of diapirs, whether 'Hot Stokes' or any other sort, the 
contact viscosity and the viscosity variation around the ascending body is the primary 
controlling factor on the speed of ascent, as recognised by Weinberg & Podlanchikov 
(1994, 1995). This leads to the conclusion, which echoes Weinberg & Podlanchikov (1994, 
1995), that if co-efficients affecting wallrock viscosity and its rheology were better 
quantified then estimated rates of diapiric ascent would be more realistic. 
5. Aureole width - Each of the Hot Stokes diapir analyses predicts a wide deformed zone 
around the pluton and a significant thermal aureole. Only in the case of the Ardara 
pluton is a thermal aureole developed (to 1km from the contact), in conjunction with an 
inner deformed zone of 500m, significantly below the values predicted by the model. 
These values would change if the wallrock viscosity were varied (see point 4). None of 
the plutons from the Rio Paraiba do Sul shear belt develop an observable thermal 
aureole, and none have an emplacement related intense deformation zone of more than 
200-300m in width. These observations suggest that the Hot Stokes diapir model is not 
modelling the features associated with emplacement of any of the studied plutons. 
6. Model inadequacy - Each of the methods described requires significant assumptions to 
be made about initial and final conditions of magma and wallrock. The validity of these 
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assumptions is not known and the calculated results should be viewed in the light of 
such observations. 
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8.5 Using the Fry (1979) method to measure fabric strain in 
granitoid rocks 
8.5.1 Introduction 
During this work more than 300 Fry strain determinations have been made, the 
basic methodology was outlined in Chapter 1. In this section the validity of this technique 
as a method for measuring fabric strain will be discussed. 
In summary, using an image of particle (phenocryst) distributions, on an outcrop 
from either a tracing, photograph, polished slab or thin section, the Fry (1979) method 
provides a way of quantifying the finite strain preserved in that image, by auto-correlating 
the inter crystal spacings i.e. plotting the position of each crystal relative to one other 
crystal on a trace, then repeating for each other measured crystal. The original Fry (1979) 
method assumed each particles could be represented by a point in space, which deformed 
homogeneously, and required very large numbers of points to produce a reliable result. 
Erslev (1988) presented a non-circular particle modification to the method, which 
normalised the inter-granular distance, thereby compensating for shape preferred 
orientation in the fabric, and producing a better defined Fry ellipse for fewer measured 
particles. 
8.5.2 Results 
In Chapter 2, a spatial plot was shown which showed an weak increase in 'Fry 
strain' with increasing distance from the injection point of the Ardara pluton (Figure 2.15) 
and of the correlation between the Fry strain and the mafic enclave axial ratio (Figure 
2.15d). Approximately 300 analyses were used in the collation of those plots, and another 
100 analyses in the fabric strain data collected for the plutons of the Rio Paraiba do Sul 
shear belt (listed on Appendices 3,7 and 10). Analysing these data has shown: 
1. The Fry strain ellipse generally underestimates the, mafic enclave axial ratio. 
2. Despite increasing qualitative intensity of fmite strain in the magmatic fabric, little 
increase in Fry strain ellipse is observed. 
3. Fry strain determinations, using different crystal phases are of similar magnitudes 
independent of their position in the crystallisation sequence. 
4. Some crystal phases produce consistently poorly defined Fry strain ellipses. 
8.5.3 Conclusions 
Concluding from results 1 and 2 shows, that while the 'Fry strain' of a fabric is a 
quantification of the finite strain recorded in that fabric, it is an under-estimate. Which 
suggests that the Fry method should be used with caution, as a measure of the fmite strain 
recorded in magmatic rocks. 
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Intuitively, it might be expected that the later crystallised mineral phases might 
produce lower values of Fry strain, than their earlier produced neighbours. Result 3 shows 
that this is not the case, demonstrating that either small crystallising nuclei, or simply the 
cavities required for crystallisation are preserved within the matrix during the entire 
deformation process. The later formed crystals may only be present during the fmal 
increments of deformation i.e. during deformation early crystals form a coherent matrix 
within which there are cavities, that are deformed and translated similarly to full crystals. 
Importantly all crystals do not record a well-developed Fry strain ellipse. Biotite 
and quartz in particular, can produce poorly orientated and ill-defined ellipses. These are 
also the mostly easily deformed rocks post-crystallisation (Passchier & Trouw 1996), 
suffering crystallographic re-orientation, and boundary migration, hence their position and 
shape could change heterogeneously. Any attempt to measure the distribution of such 
deformed phases, is not recording a true representation of the 'Fry strain'. 
8.5.4 Discussion 
The general assumption made when measuring the 'Fry strain' of a sample, is that 
the deformation is homogenous and the particle number remains constant on the scale, and 
within the plane of observation. Essentially the Fry (1979) technique requires a two 
dimensional deformation to take place, but does this type of deformation take place in 
magmatic rocks ? Erslev (1988) recognised this two dimensionality, showing that despite 
having a fabric that was isotropic and uniform in three dimensions. Such a fabric is not 
wholly isotropic in two dimensions, and produced a modified Fry algorithm to compensate 
for this. 
Even so, such modifications do not account for the flow that occurs during 
deformation. Ramsay & Huber (1983) show the flow lines of particles during a pure shear 
deformation (Figure 8.20a). Extending this concept to three dimensions (Figure 8.20b) 
shows that material always flows towards the principo.i strain axes. Measuring particle / 
distributions in any plane within such a deforming medium, will show increasing 
anisotropy along the princip axes, but importantly there will be a constant supply of 
additional isotropic particles to the measurement plane. Therefore the measurement of Fry 
strain in this plane of deformation, will be constantly reduced by the incorporation of these 
isotropic particles. Explaining, why despite increasing qualitative fabric strain, there is 
little increase in the 'Fry strain' value. 
This reduction of the 'Fry strain' is likely to be affected by the viscosity. In magmas, 
viscosities are generally low (cf. metamorphic rocks), hence for a particular applied stress 
there is an increased strain rate i.e. any particle velocity is higher. Therefore, the 
trajectory of any particle is potentially variable, generally increasing the isotropy. In 
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metamorphic rocks, particle velocity is lower, incorporation into the strain plane is 
irreversible, and consequently Fry strain is more reliable . 
• • 
• 
• 
a) Two dimensional particles flow lines during pure shear (after Ramsay & Huber 1983) 
b) Three dimensional particles flow lines during pure shear 
Figure 8.20 
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8.6 Conclusions 
Each of the three parts of this Chapter lead to wide-ranging conclusions which can be 
summarised as: 
• Providing there is significant mechanical coupling between magma and wallrock, 
ellipsoidal mafic enclaves incorporated within granitic magma will record accurately the 
imposed finite strain through their axial elongation. This relationship is valid even if 
there is significant initial shape obliquity. 
• Using a power-law rheology to model deformation surrounding an ideal in-situ 
expanding spherical pluton, demonstrates features which are identical to those observed 
around the Ardara pluton. Suggesting that if the wallrock had a power-law rheology, 
then there was a strong component of in-situ expansion associated with its 
emplacement. A conclusion which is entirely consistent the internal finite strain history 
of the pluton. Additional knowledge of the strain state and rheology of the country rock 
could enable the calculation of constraints on the timescale and proportion of in-situ 
expansion 'ballooning' of this pluton. 
• Modelling the ascent of each of the studied plutons as 'Hot Stokes' diapirs suggest ascent 
and emplacement times of the order of 1-4Ma, wide deformed zones and extensive 
thermal aureoles. Features for which there is little/no field evidence, hence these plutons 
did not ascend using a 'Hot Stokes' method. 
• Using the alternative ascent scenario of dyking and sheeting shows that each of the 
studied plutons could be emplaced completely in around lOOOyrs through a single 
conduit less than lOrn in width, which had a lateral extent only a fraction of the fmal 
conduit dimensions. Given the supposed timescale of geological processes these 
emplacement speeds are very fast, and possibly occur only rarely interspersed by 
prolonged periods of quiescence. 
• Examining the validity of the Fry method for measuring finite strain in magmatic rocks 
shows; that while it records a measurement of finite strain, similar in each mineral 
phase, through crystallisation of the matrix; this finite strain value is consistently 
reduced as a result of, three-dimensional particle flow, introducing isotropic particles 
into the fabric, reducing the average inter-particle distance. The relative low viscosity 
(compared to metamorphic rocks) of magmas, enhances large particle flow, and inhibits 
the fmite strain value recorded by the Fry(1979) technique. 
375 
.................................................................................................................................................................................................... f?.C?.r::~?.l!:~!.~.'!:~. 
Chapter 9 
Conclusions 
9.1 Conclusions from Section 2: 
The emplacement of an in-situ expanding pluton 
In Section 2 the preserved field relationships from the Ardara pluton were 
discussed, the principal conclusions were: 
• Within the pluton there are emplacement induced finite strains which increase 
smoothly from the 'injection point' in the Moolagh Townlands towards the outer pluton 
contacts. Modelling of the pluton, using a spherical geometry, demonstrates that these 
strains could have been produced by the radially directed ballooning of an early magma 
body ofless that 2km radius. 
• The country rocks around the pluton show emplacement related structures developed 
up to 7km from the outer pluton contact. This deformation increases in intensity as the 
pluton is approached, and becomes pervasive within 500m of the pluton. Estimates of 
the fmite strain preserved within the wallrocks suggests that there has been an 
average of at least 40% shortening over the 4km closest to the pluton, a measure of 
shortening which is consistent with a pluton ofless than 1.3km initial radius. 
• Emplacement-related shear sense fabrics, within the magma and wallrocks, 
demonstrate that magma was supplied at the 'injection point' before moving outwards 
and upwards, relative to the existing magma and wallrocks. Expansion took place in all 
directions, but had a stronger northwards directed component, resulting into the 
country rocks preserving fabrics which indicate that they were shouldered aside 
westwards and eastwards during emplacement. 
• The southern contact is defined by a sinistrally transpressive shear zone which was 
active before, during and post-emplacement. This shear zone swings from northeast-
southwest trending to sub-east-west trending along the pluton contact and, as such, 
would have defined a local 'pull-apart'. Such a structure may have created 'space' 
sufficient to initiate the emplacement process. 
• None of the field relationships I structures are entirely consistent with emplacement of 
magma as a consequence diapir-like processes. Indeed the pluton appears to represent 
a spheroidal magmatic body which expanded in-situ, as a 'balloon', deforming the 
surrounding wallrocks. 
These conclusions demonstrate that granitoid magma can be emplaced and expand 
in-situ, akin to the inflation of a balloon, preserving appropriate strains within the magma 
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and the wallrock. Quantitative methods have demonstrated that the majority of space 
within the pluton can be accounted for, but that random, unavoidable errors during the 
measurement process prohibit a comprehensive, and final, solution to the 'space problem' 
for this pluton. 
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9.2 Conclusions from Section 3: 
Granitoid pluton emplacement in the Rio Paraiba do Sui 
shear belt, SE Brazil 
In Chapters 3-7 the regional framework, field relationships, emplacement 
mechanisms and possible models for regional evolution of the RPSSB area were examined. 
The principoJ conclusions can be summarised as follows: 
• These granites correspond to a regional suite of granitic to alkali granite composition 
which was emplaced towards the end of the Brasiliano orogeny (570±50Ma) and are 
intimately associated with major continent-scale, sub-vertical shear zones, formed 
during dextral transpression (east-west directed convergence) prior to the emplacement 
of the plutons. 
• Each of the plutons has an internal homogeneity, weak emplacement related 
deformation and wallrocks which were almost passive during the emplacement process. 
A number of them preserve evidence for having emplaced as a consequence of the large-
scale sheeting of magma, into the country rocks and within the pluton itself, sub-
parallel to the regional foliation. The majority of these sheets have been homogenised 
into the main pluton. 
• Every studied body shows an internal finite strain which is roughly homogeneous, 
orientated sub-parallel to the pluton long axis, and flattening. This demonstrates an 
approximately equal elongation of magma pulses sub-parallel to the regional foliation 
during emplacement. 
• The plutons commonly preserve two distinct contacts the first associated with the shear 
zone, which preserves intense post-emplacement deformation, and the second which is 
comparatively undeformed. Estimates of the fmite strain preserved within these less 
deformed contact rocks suggest that they accommodated only a small fraction of the 
deformation that would be required for emplacement as a consequence of in-situ 
expansion alone. 
• Preserved magmatic state shear sense indicators demonstrate a variable intensity, but 
dominantly, sinistral shear sense which, in conjunction with the weak intensity nature 
of the emplacement fabrics, demonstrates east-west directed extension during the 
intrusion process. 
• Mter this extensional event the region experienced a dextral plane strain which was 
partitioned into the major shear zones and their surrounded rocks. 
• Examination of the tectonic evolution of the RPSSB region suggests that these plutons 
were emplaced during a period of east-west directed extension at the end of the 
Brasiliano orogenic event. By comparing the features seen here with models derived 
from younger orogenic belts it is suggested that the coeval production of large volumes 
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of magma and regional extension, during a broadly convergent orogeny, is consistent 
with extension of the orogen, induced by a cessation of continental convergence, or 
lithospheric delamination and a consequent extensional collapse. 
As such this area has been interpreted as having experienced dyke driven ascent of 
magma along fractures sub-parallel to the dominant regional trend. This magma deformed 
the wallrocks only weakly and the majority of the space for the pluton was made in local 
dilatational pull-aparts associated with regional east-west directed extension. Subsequent 
tectonic reactivations of the regional fabric altered the appearance of these plutons. 
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9.3 Conclusions from Section 4: 
Analytical considerations 
In addition to the field study of plutons a number of simple models were 
constructed in an attempt to quantify some of the specific processes at work during the 
emplacement of the studied plutons. This work produced the following conclusions: 
• A set of randomly orientated ellipsoids subject to a particular pure shear strain will 
accurately mimic that deformation. An accurate representation of the fmite strain is 
preserved even if the such ellipsoids have a prominent initial elongation. Therefore if 
ellipsoidal mafic enclaves have a mechanical coupling to the deforming magma they are 
an accurate and reliable strain marker. 
• Modelling the aureole of a hot, in-situ expanding pluton as a Power-Law fluid 
demonstrates that very high finite strains can be partitioned into the inner aureole. 
The characteristics of this high strain zone are controlled by the equation parameters 
and the timescale of emplacement. If these characteristics are compared to those seen 
in the aureole around the Ardara pluton a very strong similarity is observed. This 
suggests that during the emplacement of the Ardara pluton the aureole wallrocks 
behaved as a Power-Law fluid and, given appropriate data on the rheological 
characteristics of the wallrock, an estimation of the time taken for emplacement could 
be made. 
• The Petford et al (1993) model for dyke driven ascent of granitoid magma has been 
applied, with a wide variation in possible magma properties, to estimate the minimum 
emplacement time of the studied plutons. These calculations showed that emplacement 
of the Ardara pluton could occur through a 10m wide fracture in a minimum time of 
4140yrs. Similarly the plutons from the RPSSB could be emplaced in between 322 and 
1500yrs along conduits with an average width of 8.5m. Even allowing for a highly 
intermittent magma supply these results demonstrate that emplacement of any of the 
studied plutons could occur in much less than one million years. 
• Applying the Marsh (1982) model for Hot Stokes diapiric ascent to the studied plutons 
demonstrates a strong variability in the ascent rates/emplacement times depending 
upon the wallrock rheology used. Generally the envisaged emplacement times are of 
the order of a million years a timescale, which when viewed in terms of the possible 
heat loss from the pluton, is excessively large if it is hoped to preserve magmatic 
emplacement fabrics. 
• The Fry (1979) strain when applied to magmatic rocks preserves a component of the 
finite strain, which has been affected by the three-dimensional nature of the magma 
deformation and flow. As such it preserves an indication of the finite strain preserved 
within the magma, but may not accurately mimic it. 
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Appendix 1 
Locality grid references for the Ardara pluton 
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Appendix 2 
LOCAUTY 14 LOCALITY AO 
PLUTON G2 PLUTON G21G3 
HORIZONTAL VERTICAL HORIZONTAL VERTICAL 
NUMBER X z XIZ v z VIZ NUMBER X z XIZ v z VIZ 
I 13.500 12.500 1.080 8.000 8.000 1.000 I 1.200 0.800 1.500 3.300 2.000 1.650 
2 13.000 10.000 1.300 100.000 100.000 1.000 2 7.000 4.500 1.556 6.000 3.500 1.714 
3 2.600 1.800 1.444 15.000 13.000 1.154 3 6.000 2.600 2.308 5.000 2.600 1.923 
4 4.200 2.900 1.44B 3.500 3.000 1.167 4 1.500 0.600 2.500 1.900 0.700 2.714 
5 3.200 2.200 1.455 17.000 14.000 1.214 5 23.000 8.700 2.644 5.500 2.000 2.750 
6 1.200 O.BOO 1.500 5.400 4.000 1.350 6 3.400 1.100 3.091 1.700 0.600 2.833 
7 3.100 2.000 1.550 19.000 14.000 1.357 7 1.600 0.500 3.200 2.300 0.700 3.286 
8 2.200 1.400 1.571 26.000 18.000 1.444 8 3.000 0.900 3.333 2.000 0.600 3.333 
9 3.200 2.000 1.600 9.000 6.000 1.500 9 8.000 2.400 3.333 8.500 2.500 3.400 
10 7.000 4.100 1.707 31.000 20.000 1.550 10 4.000 1.200 3.333 10.000 2.900 3.448 
II 10.700 6.000 1.7B3 1.400 0.900 1.556 II 3.200 0.900 3.556 2.200 0.600 3.667 
12 1.100 0.600 1.833 2.800 1.800 1.556 12 4.200 1.100 3.818 1.900 0.500 3.800 
13 9.000 4.900 1.837 11.000 7.000 1.571 13 2.000 0.500 4.000 4.600 1.200 3.833 
14 2.600 1.400 1.857 3.200 2.000 1.600 14 1.600 0.400 4.000 3.900 1.000 3.900 
15 2.800 1.500 1.867 15.000 9.000 1.667 15 1.600 0.400 4.000 7.900 2.000 3.950 
16 6.200 3.200 1.938 27.000 16.000 1.688 16 4.900 1.100 4.455 9.800 2.100 4.667 
17 9.800 5.000 1.960 110.000 65.000 1.692 17 13.000 2.900 4.483 20.000 4.200 4.762 
18 4.000 2.000 2.000 3.600 2.100 1.714 18 2.300 0.500 4.600 5.400 1.100 4.909 
19 3.200 1.600 2.000 20.000 11.500 1.739 19 1.900 0.400 4.750 6.000 1.200 5.000 
20 9.500 4.400 2.159 2.500 1.400 1.786 20 19.000 4.000 4.750 4.000 0.800 5.000 
21 4.400 2.000 2.200 7.000 3.800 1.842 21 12.000 2.500 4.800 6.000 1.000 6.000 
22 5.000 2.100 2.381 1.900 1.000 1.900 22 6.600 1.200 5.500 5.500 0.900 6.111 
23 5.000 1.900 2.632 25.000 12.000 2.083 23 3.000 0.500 6.000 10.500 1.700 6.176 
24 2.500 0.900 2.778 1.500 0.700 2.143 24 28.000 4.400 6.364 16.000 2.400 6.667 
25 6.000 2.100 2.857 31.000 14.000 2.214 25 4.500 0.700 6.429 4.700 0.600 7.833 
26 4.000 1.400 2.857 2.000 0.900 2.222 26 7.800 1.000 7.800 8.000 1.000 8.000 
27 9.000 3.000 3.000 6.600 2.400 2.750 27 5.000 0.600 8.333 1.600 0.200 8.000 
28 5.400 1.800 3.000 72.000 25.000 2.880 28 6.000 0.700 8.571 4.200 0.400 10.500 
29 3.200 1.000 3.200 4.000 1.200 3.333 29 7.000 0.600 11.667 7.900 0.700 11.286 
30 20.000 4.400 4.545 87.000 4.600 18.913 30 2.700 0.200 13.500 2.900 0.200 14.500 
LenQth av. 3.591 1.810 5.294 2.847 LenOth av. 3.179 0.713 3.847 0.772 
AREAS OF XENOLITHS 5.106 11.838 AREAS OF XENOLITHS 1.780 2.333 
VOLUME OF rNOLITHS 28.341 VOLUME OF rNOLITHS 4.944 
NUMBER 30 30 NUMBER 30 30 
Axial ratio Axial ratio 
MEAN ARITHMETIC 2.111 2.320 MEAN ARITHMETIC 4.939 5.187 
HARMONIC MEAN 1.874 1.619 HARMONIC MEAN 3.756 3.876 
GEOMETRIC MEAN 2.007 1.816 GEOMETRIC MEAN 4.340 4.513 
STANDARD DEVIATION 0.731 3.179 ·~,.oor·"~ 2.749 2.969 SMALLEST 1.08 I SMALLEST 1.5 1.65 
LARGEST 4.54545455 18.913 LARGEST 13.5 14.500 
K VALUE 0.30247762 K VALUE 0.02325882 
Wloa 0.62415356 1.27676142 wloa 0.95424251 0.94388406 
LOCALITY A2 LOCALITY A4 
PLUTON Gl PLUTON Gl 
HORIZONTAL VERTICAL HORIZONTAL VERTICAL 
NUMBER X z XIZ v z VIZ NUMBER X z XIZ v z VIZ 
I 4.500 3.000 1.500 7.000 5.500 1.273 I 15.000 6.000 2.500 5.000 2.000 2.500 
2 7.500 5.000 1.500 4.000 3.000 1.333 2 9.000 3.000 3.000 2.500 1.000 2.500 
3 16.000 9.000 1.778 3.500 2.000 1.750 3 9 3 3.000 7.000 2.500 2.800 
4 16.000 9.000 1.778 14.000 8.000 1.750 4 4 1.3 3.077 7.000 2.500 2.800 
5 25.000 14.000 1.786 9.000 5.000 1.800 5 13.000 4.000 3.250 15.000 5.000 3.000 
6 15.000 8.000 1.875 8.000 4.000 2.000 6 5.000 1.500 3.333 8.500 2.500 3.400 
7 5.000 2.500 2.000 14.000 7.000 2.000 7 18.000 5.000 3.600 6.000 1.500 4.000 
8 5.000 2.500 2.000 20.000 8.000 2.500 8 11.000 3.000 3.667 6.000 1.500 4.000 
9 6.500 3.000 2.167 17.000 6.000 2.833 9 10.000 2.500 4.000 6.000 1.500 4.000 
10 5.500 2.500 2.200 3.000 1.000 3.000 10 4.000 1.000 4.000 8.000 2.000 4.000 
II 10.000 4.500 2.222 15.000 5.000 3.000 II 4.000 1.000 4.000 15.000 3.500 4.286 
12 4.500 2.000 2.250 9.000 3.000 3.000 12 6.000 1.500 4.000 3.500 0.800 4.375 
13 3.500 1.500 2.333 3.000 1.000 3.000 13 4.000 1.000 4.000 3.000 0.600 5.000 
14 17.500 7.500 2.333 9.000 3.000 3.000 14 4 I 4.000 13.000 2.500 5.200 
15 6.000 2.500 2.400 8.000 2.500 3.200 15 4 I 4.000 5.500 1.000 5.500 
16 5.000 2.000 2.500 5.000 1.500 3.333 16 2.5 0.6 4.167 6.000 1.000 6.000 
17 5.000 2.000 2.500 10.000 3.000 3.333 17 7.000 1.500 4.667 4.000 0.600 6.667 
18 6.500 2.500 2.600 10.000 3.000 3.333 18 15.000 3.000 5.000 #DIVIOI 
19 5.500 2.000 2.750 10.000 3.000 3.333 19 10.000 2.000 5.000 #DIVIO! 
20 2.000 0.700 2.857 3.500 1.000 3.500 20 4.000 0.800 5.000 #DIVIOI 
21 6.000 2.000 3.000 18.000 5.000 3.600 21 3.500 0.700 5.000 #DIVIOI 
22 4.500 1.500 3.000 30.000 7.000 4.286 22 2.500 0.500 5.000 #DIVIOI 
23 9.000 3.000 3.000 3.500 0.700 5.000 23 1.5 0.3 5.000 #DIVIOI 
24 15.000 5.000 3.000 #DIVIOI 24 3.500 0.600 5.833 #DIVIOI 
25 12.500 4.000 3.125 #DIVIOI 25 6.000 1.000 6.000 #DIV/0! 
26 6.500 2.000 3.250 #DIVIOI 26 4.000 0.600 6.667 #DIVIO! 
27 7.000 2.000 3.500 #DIVIOI 27 1.5 0.2 7.500 #DIV/01 
28 2.500 0.700 3.571 #DIVIOI 28 4.000 0.500 8.000 #DIVIOI 
29 50.000 12.000 4.167 #DIVIOI 29 4.000 0.500 8.000 #DIVIOI 
30 25.000 4.000 6.250 #DIVIOI 30 2.500 0.300 8.333 #DIV/01 
Lenath av. 6.030 2.317 6.558 2.286 Lenath ov. 4.190 0.801 5.563 1.342 
AREAS OF XENOLITHS 10.972 11.772 AREAS OF XENOLITHS 2.635 5.862 
VOLUME OF rNOLITHS 47.321 VOLUME OF rNOLITHS 16.375 
NUMBER 30 23 NUMBER 30 17 
Axial ratio Axial ratio 
MEAN ARITHMETIC 2.640 2.833 MEAN ARITHMETIC 4.753 4.119 
HARMONIC MEAN 2.345 2.510 HARMONIC MEAN 4.215 3.782 
GEOMETRIC MEAN 2.513 2.677 GEOMETRIC MEAN 4.523 3.947 
STANDARD DEVIATION 0.936 0.922 STANDARD DEVIATION 1.590 1.238 
SMALLEST 1.5 1.27272727 SMALLEST 2.5 2.5 
LARGEST 6.25 5.000 LARGEST 8.33333333 6.670 
KVALUE 0.0740168 K VALUE 0.08143316 
wloa 0.61978876 0.59423465 wloa 0.52287875 0.42618583 
LOCALITY B1 LOCALITY B5 
PLUTON G1 PLUTON G2/G3 
HORIZONTAL VERTICAL HORIZONTAL VERTICAL 
NUMBER X z X/Z y z Y/Z NUMBER X z X/Z y z vn 
I 5.2 2.8 1.857 19.000 14.000 1.357 1 10 5 2.000 7.1 4 1.775 
2 9 4.3 2.093 0.600 0.300 2.000 2 9 4 2.250 5.6 3.1 1.806 
3 4.500 2.000 2.250 5.2 2.3 2.261 3 7.500 3.200 2.344 20.000 10.000 2.000 
4 10.500 4.500 2.333 7.000 2.900 2.414 4 6.2 2.6 2.385 6 2.9 2.069 
5 11.5 4.6 2.500 20.000 B.OOO 2.500 5 14.000 5.500 2.545 5.000 2.100 2.381 
6 4.2 1.6 2.625 7 2.5 2.800 6 13.000 5.000 2.600 6.5 2.4 2.708 
7 12 4 3.000 3.200 1.100 2.909 7 5.700 1.900 3.000 12.500 4.500 2.778 
8 9 2.9 3.103 11 3.5 3.143 8 4.000 1.300 3.077 10 3.5 2.857 
9 3.800 1.200 3.167 9 2.6 3.462 9 3.1 1 3.100 5.500 1.900 2.895 
10 3 0.9 3.333 4.300 1.200 3.583 10 3.200 1.000 3.200 9.5 3.2 2.969 
11 6.700 2.000 3.350 9.000 2.500 3.600 11 7.500 2.200 3.409 5.500 1.700 3.235 
12 6.7 2 3.350 5.500 1.500 3.667 12 7.500 2.200 3.409 3.600 1.100 3.273 
13 12 3.5 3.429 5.500 1.500 3.667 13 7.000 2.000 3.500 7.4 2.2 3.364 
14 6.300 1.800 3.500 2.6 0.7 3.714 14 3.500 1.000 3.500 13.000 3.800 3.421 
15 7.000 1.900 3.684 2.3 0.6 3.833 15 3.5 1 3.500 14.000 4.000 3.500 
16 13.000 3.500 3.714 4 1 4.000 16 3.5 1 3.500 8.000 2.200 3.636 
17 12 3.2 3.750 6.500 1.600 4.063 17 4 1.1 3.636 5.200 1.400 3.714 
18 19 4 4.750 4.500 1.100 4.091 18 13.000 3.500 3.714 40.000 10.500 3.810 
19 5.300 1.100 4.818 4.700 1.100 4.273 19 13.000 3.500 3.714 21.000 5.500 3.818 
20 6.300 1.300 4.846 11.000 2.500 4.400 20 9.700 2.500 3.880 5.000 1.300 3.846 
21 12.000 2.400 5.000 5.5 1.2 4.583 21 4.6 1.1 4.182 29.000 7.000 4.143 
22 4 0.8 5.000 4.200 0.900 4.667 22 3.6 0.8 4.500 10 2.4 4.167 
23 18 3.6 5.000 7.5 1.3 5.769 23 9 2 4.500 9.000 2.100 4.286 
24 5.700 1.100 5.182 12 2 6.000 24 103.000 21.000 4.905 9.500 2.000 4.750 
25 11.000 2.000 5.500 4.2 0.7 6.000 25 5.500 1.100 5.000 38.000 8.000 4.750 
26 10.500 1.900 5.526 6.200 1.000 6.200 26 3.6 0.6 6.000 5.4 1.1 4.909 
27 6.300 1.100 5.727 6.3 0.9 7.000 27 6 1 6.000 9.2 1.6 5.750 
28 8.000 1.300 6.154 9.300 1.200 7.750 28 6.000 0.900 6.667 28 4.5 6.222 
29 1.900 0.300 6.333 3.000 0.300 10.000 29 6.9 0.9 7.667 7.5 0.8 9.375 
30 4.500 0.700 6.429 8 1.5 5.333 30 17.000 1.900 8.947 29 3.3 8.788 
Lenath av. 6.058 1.441 4.172 1.060 Lenath av. 5.794 1.468 8.305 2.292 
AREAS OF XENOLITHS 6.857 3.474 AREAS OF XENOLITHS 6.682 14.950 
VOLUME OF rNOLITHS 14.032 VOLUME OF rNOLITHS 57.748 
NUMBER 30 30 NUMBER 30 30 
Axial ratio Axial ratio 
MEAN ARITHMETIC 4.043 4.301 MEAN ARITHMETIC 4.021 3.900 
HARMONIC MEAN 3.510 3.545 HARMONIC MEAN 3.457 3.259 
GEOMETRIC MEAN 3.818 3.953 GEOMETRIC MEAN 3.758 3.591 
·-AAOrM'0' 1.347 1.840 STANDARD DEVIATION 1.631 1.770 SMALLEST 1.85714286 1.35714286 SMAllEST 2 1.775 LARGEST 6.42857143 10.000 LARGEST 8.94736842 9.380 
KVALUE .0.00787779 KVALUE 0.04985692 
wlog 0.53926916 0.86737443 wloa 0.65066532 0.72300448 
LOCALITY A6 
PLUTON G2 
HORIZONTAL VERTICAL 
NUMBER X z X/Z y vrz 
1 1.5 1.333 3.000 1.500 2.000 
4.5 2 2.250 3.500 1.700 2.059 
4.5 2.250 11 4.5 2.444 
4 26.000 10.000 2.600 10.000 4.000 2.500 
5 8.000 3.000 2.667 1.100 0.400 2.750 
13.000 4.500 2.889 2.000 0.700 2.857 
9.000 3.000 3.000 2.000 0.700 2.857 
6.000 2.000 3.000 10.000 3.500 2.857 
3.2 3.200 5.600 1.700 3.294 
10 5.000 1.500 3.333 17 5 3.400 
11 13.500 4.000 3.375 2.500 0.700 3.571 
12 6.7 1.8 3.722 12.000 3.000 4.000 
13 7.500 2.000 3.750 10.000 2.500 4.000 
14 12 3.2 3.750 45 10 4.500 
15 6.3 1.6 3.938 3.500 0.700 5.000 
16 4.000 1.000 4.000 3.5 0.7 5.000 
17 1.6 0.4 4.000 5.000 
18 0.7 4.286 6.500 1.200 5.417 
19 6.500 1.500 4.333 4.000 0.700 5.714 
20 3.500 0.800 4.375 4.500 0.700 6.429 
21 7.000 1.500 4.667 4.5 0.7 6.429 
22 1.5 4.667 5.000 0.700 7.143 
23 1.900 0.400 4.750 5.000 0.700 7.143 
24 3.000 0.600 5.000 #DIV/01 
25 5.500 1.100 5.000 #DIV/01 
26 1.2 5.000 #DIV/01 
27 17 3 5.667 #DIV/01 
28 6.000 1.000 6.000 #DIV/01 
29 13.000 2.000 6.500 #DIV/0! 
30 #DIV/01 #DIV/01 
len th av. 4.699 1.226 3.877 0.971 
AREAS OF XENOLITHS 4.525 2.958 
VOLUME OF XENOLITHS 9.265 
NUMBER 29 23 
Axial ratio 
MEAN ARITHMETIC 3.907 4.190 
HARMONIC MEAN 3.410 3.617 
GEOMETRIC MEAN 3.714 3.894 
STANDARD DEVIATION 1.187 1.622 
1.33333333 
6.5 7.140 
0.04585334 
0.68797462 0.55266822 
LOCALITY B6 LOCALITY B6 
PLUTON G1 IGNEOUS PLUTON G1 MET A-SEDIMENTS 
HORIZONTAL VERTICAL HORIZONTAL VERTICAL 
NUMBER X z X/Z y z Y/Z NUMBER X z X/Z y z Y/Z 
1 16.000 9.000 1.778 1 4.500 3.500 1.286 
2 4.300 2.000 2.150 2 4.5 2.5 1.800 
3 5.000 2.300 2.174 3 20 11 1.818 
4 7.700 3.400 2.265 4 37 19 1.947 
5 3.200 1.400 2.286 5 12.000 6.000 2.000 
6 5.000 2.100 2.381 6 20 9.5 2.105 
7 4.000 1.600 2.500 7 4.500 2.100 2.143 
8 12.000 4.500 2.667 8 6.000 2.700 2.222 
9 3.500 1.300 2.692 9 23.000 9.500 2.421 
10 7.500 2.600 2.885 10 28.000 10.500 2.667 
11 12.000 4.000 3.000 11 9.500 3.500 2.714 
12 27.000 9.000 3.000 12 19 7 2.714 
13 6.000 2.000 3.000 13 9.8 3.5 2.800 
14 13.000 4.000 3.250 14 13.000 4.500 2.889 
15 19.000 5.500 3.455 15 5.500 1.900 2.895 
16 9.000 2.600 3.462 16 14 4.5 3.111 
17 5.000 1.400 3.571 17 5.8 1.8 3.222 
18 20.000 5.500 3.636 18 10.500 3.000 3.500 
19 3.000 0.800 3.750 19 6.500 1.800 3.611 
20 5.300 1.400 3.786 20 14.5 4 3.625 
21 14.000 3.500 4.000 21 4.500 1.100 4.091 
22 4.000 1.000 4.000 22 8.5 2 4.250 
23 12.300 3.000 4.100 23 16.000 3.500 4.571 
24 4.500 1.000 4.500 24 8 1.7 4.706 
25 7.000 1.500 4.667 25 49 7.5 6.533 
26 7.500 1.600 4.688 26 16.000 2.400 6.667 
27 17.000 3.500 4.857 27 23 3.3 6.970 
28 10.000 2.000 5.000 28 9.500 1.300 7.308 
29 5.300 0.900 5.889 29 12.500 1.500 8.333 
30 2.900 0.400 7.250 30 14.000 0.600 23.333 
Lenoth av. 5.864 1.611 #DIV/0! #DIV/0! Length ov. 9.181 2.435 #DIV/0! OOIV/01 
AREAS OF XENOLITHS 7.417 #DIV/01 AREAS OF XENOLITHS 17.555 #DIV/01 
VOLUME OF rNOLITHS #DIV/01 VOLUME OF rNOLITHS #DIV/01 
NUMBER 30 30 NUMBER 30 30 
Axial ratio Axial ratio 
MEAN ARITHMETIC 3.555 0.000 MEAN ARITHMETIC 4.275 0.000 
HARMONIC MEAN 3.131 #DIV/0! HARMONIC MEAN 2.941 #DIV/01 
GEOMETRIC MEAN 3.372 0.000 GEOMETRIC MEAN 3.449 0.000 
O~OAAOrAAOO 1.216 #DIV/0! STANDARD DEVIATION 4.040 #DIV/01 SMALLEST 1.77777778 #DIV/0! SMALLEST 1.28571429 #DIV/01 
LARGEST 7.25 #DIV/01 LARGEST 23.3333333 IDIV/01 
K VALUE #DIV/01 K VALUE #DIV/01 
wlog 0.61046053 IDIV/0! wloo 1.25883232 #DIV/0! 
LOCALITY C1 
PLUTON Gl 
HORIZONTAL VERTICAL 
NUMBER z X/Z y Y/Z 
6.500 2.900 2.241 5.500 3.100 1.774 
6.500 2.500 2.600 3.200 0.900 3.556 
8.500 3.000 2.833 3.800 0.600 6.333 
6.500 2.200 2.955 16.500 2.200 7.500 
2.8 0.9 3.111 13.500 1.800 7.500 
5.000 1.600 3.125 15.000 1.600 9.375 
21.000 6.500 3.231 
6.800 2.100 3.238 
5.200 1.600 3.250 
10 2.5 3.600 
11 4.4 1.2 3.667 
12 3.500 0.900 3.889 
13 7.500 1.900 3.947 
14 1.600 0.400 4.000 
15 3.4 0.8 4.250 
16 5.8 1.3 4.462 
17 9.3 1.9 4.895 
18 8.4 1.7 4.941 
19 11.000 2.200 5.000 
20 4 0.8 5.000 
21 3.6 0.7 5.143 
22 2.100 0.400 5.250 
23 19.000 3.400 5.588 
24 16 2.4 6.667 
25 6.4 0.9 7.111 
26 8.000 1.100 7.273 
27 4.7 0.6 7.833 
28 21.000 2.500 8.400 
29 12.000 1.400 8.571 
30 7.8 0.9 8.667 
Len th ov. 5.307 1.166 6.258 1.267 
AREAS OF XENOLITHS 4.858 6.227 
VOLUME OF XENOLITHS 22.002 
NUMBER 30 
AxkJI ratio 
MEAN ARITHMETIC 4.825 6.006 
HARMONIC MEAN 4.117 4.360 
GEOMETRIC MEAN 4.495 5.255 
STANDARD DEVIATION 1.896 2.823 
SMALLEST 2.24137931 1.77419355 
LARGEST 8.66666667 9.380 
K VALUE -Q.03902012 
wlo 0.58733673 0.72320184 
LOCAUTY C7 C4 LOCAUTY 
PLUTON G2 G2 PLUTON 
HORIZONTAL VERTICAL HORIZONTAL VERTICAL 
NUMBER X z X/Z y z Y/Z NUMBER X z X/Z y z Y/Z 
I 39.000 26.500 1.366 3.100 1.400 2.214 I 2.500 1.700 1.471 1.400 0.900 1.556 
2 1.7 1.1 1.545 7.500 3.300 2.273 2 6.500 5.600 1.516 15.000 9.000 1.667 
3 11.000 7.000 1.571 10.000 4.000 2.500 3 4.200 2.000 2.100 2.000 1.100 1.616 
4 5.000 2.600 1.766 6.000 3.200 2.500 4 4.500 2.000 2.250 9.500 4.600 1.979 
5 4.500 2.200 2.045 10.500 4.000 2.625 5 2.700 1.200 2.250 1.600 0.900 2.000 
6 4.600 2.300 2.067 3.000 1.100 2.727 6 6.000 2.600 2.306 1.600 0.900 2.000 
7 4.5 2.1 2.143 6.500 2.200 2.955 7 7.000 3.000 2.333 11.000 5.000 2.200 
6 11.000 5.000 2.200 5.500 1.600 3.056 6 3.500 1.400 2.500 4.500 2.000 2.250 
9 0.900 0.400 2.250 9.500 3.000 3.167 9 1.600 0.700 2.571 1.400 0.600 2.333 
10 3.500 1.400 2.500 13.000 4.000 3.250 10 2.400 0.900 2.667 7.500 3.200 2.344 
11 11.000 4.000 2.750 3.100 0.900 3.444 11 1.900 0.700 2.714 5.400 2.100 2.571 
12 9 3.2 2.613 7.000 2.000 3.500 12 6.000 2.100 2.657 9.000 3.300 2.727 
13 2.100 0.700 3.000 9.500 2.700 3.519 13 7.000 2.400 2.917 1.100 0.400 2.750 
14 4.2 1.4 3.000 6.500 2.400 3.542 14 5.400 1.600 3.000 1.400 0.500 2.600 
15 3.7 1.2 3.063 3.200 0.900 3.556 15 1.600 0.600 3.000 16.000 5.500 2.909 
16 3.5 1.1 3.162 9.000 2.300 3.913 16 2.700 0.900 3.000 1.200 0.400 3.000 
17 2.400 0.700 3.429 5.500 1.400 3.929 17 1.900 0.600 3.167 4.700 1.500 3.133 
16 7 2 3.500 12.500 3.000 4.167 16 5.100 1.600 3.166 3.500 1.100 3.162 
19 7.4 2 3.700 4.200 1.000 4.200 19 5.500 1.600 3.436 6.500 2.500 3.400 
20 4.500 1.200 3.750 6.500 2.000 4.250 20 2.200 0.600 3.667 2.100 0.600 3.500 
21 1.200 0.300 4.000 9.000 2.100 4.266 21 3.400 0.900 3.776 1.200 0.300 4.000 
22 16 4 4.000 0.900 0.200 4.500 22 4.200 1.100 3.616 4.100 1.000 4.100 
23 2.5 0.6 4.167 2.900 0.500 5.600 23 1.600 0.400 4.000 3.500 0.600 4.375 
24 9.000 2.000 4.500 24 2.400 0.600 4.000 3.100 0.700 4.429 
25 4.5 1 4.500 25 16.000 4.500 4.000 1.600 0.400 4.500 
26 3.7 0.6 4.625 26 1.300 0.300 4.333 1.400 0.300 4.667 
27 6.5 1.4 4.643 27 22.000 4.500 4.669 1.900 0.400 4.750 
26 1.900 0.400 4.750 26 2.000 0.400 5.000 31.500 6.500 4.646 
29 7.000 1.400 5.000 29 3.600 0.700 5.143 5.500 1.100 5.000 
30 9.000 1.600 5.000 30 2.200 0.300 7.333 4.600 1.100 4.162 
Lenoth crv. 3.570 1.115 4.456 1.192 Lenath av. 2.976 0.666 2.567 0.621 
AREAS OF XENOLITHS 3.125 4.170 AREAS OF XENOLITHS 2.023 1.667 
VOLUME OF rNOLITHS 9.926 VOLUME OF rNOLITHS 3.308 
NUMBER 30 23 NUMBER 30 30 
Axial ratio Axial ratio 
MEAN ARITHMETIC 3.230 3.473 MEAN ARITHMETIC 3.307 3.166 
HARMONIC MEAN 2.753 3.284 HARMONIC MEAN 2.863 2.756 
GEOMETRIC MEAN 3.025 3.377 GEOMETRIC MEAN 3.114 2.987 
STANDARD DEVIATION 1.122 0.851 STANDARD DEVIATION 1.216 1.074 
SMALLEST 1.36842105 2.21428571 SMALLEST 1.47058824 1.55555556 
LARGEST 5 5.800 LARGEST 7.33333333 5.000 
K VALUE 0.14816449 K VALUE 0.03775567 
wloa 0.56275026 0.41819434 wlog 0.69781034 0.50706448 
LOCAUTY C10 LOCAUTY D1 
PLUTON G3 PLUTON G1 
HORIZONTAL VERTICAL HORIZONTAL VERTICAL 
NUMBER X z X/Z y z Y/Z NUMBER X z X/Z y z Y/Z 
1 0.600 0.600 1.000 0.700 0.700 1.000 1 3.400 1.400 2.429 1.400 1.200 1.167 
2 1.000 0.900 1.111 0.600 0.500 1.200 2 5.000 2.000 2.500 20.000 10.000 2.000 
3 0.700 0.600 1.167 1.400 1.100 1.273 3 3.100 1.200 2.583 2.400 1.200 2.000 
4 1.600 1.200 1.333 0.900 0.700 1.286 4 13.500 5.000 2.700 2.900 1.400 2.071 
5 1.000 0.700 1.429 2.000 1.400 1.429 5 3.900 1.400 2.766 25.000 12.000 2.063 
6 1.500 1.000 1.500 2.000 1.400 1.429 6 3.100 1.100 2.616 3.000 1.200 2.500 
7 0.900 0.600 1.500 1.600 1.100 1.455 7 26.000 9.200 2.626 1.600 0.700 2.571 
6 1.400 0.900 1.556 1.200 0.600 1.500 6 6.500 2.900 2.931 2.000 0.700 2.657 
9 1.100 0.700 1.571 1.200 0.600 1.500 9 2.700 0.900 3.000 10.000 3.500 2.657 
10 1.400 0.600 1.750 0.900 0.600 1.500 10 5.500 1.600 3.056 7.500 2.600 2.665 
11 2.200 1.200 1.633 1.400 0.900 1.556 11 16.500 5.400 3.056 5.500 1.900 2.695 
12 1.100 0.600 1.633 1.400 0.900 1.556 12 2.600 0.900 3.111 3.500 1.200 2.917 
13 2.100 1.100 1.909 1.400 0.900 1.556 13 2.600 0.900 3.111 6.500 2.100 3.095 
14 7.000 3.600 1.944 0.700 0.400 1.750 14 6.400 2.000 3.200 2.600 0.900 3.111 
15 0.600 0.400 2.000 0.700 0.400 1.750 15 4.200 1.300 3.231 7.700 2.200 3.500 
16 1.400 0.700 2.000 0.900 0.500 1.600 16 23.000 6.400 3.594 4.000 1.100 3.636 
17 2.100 1.000 2.100 11.000 6.000 1.633 17 7.000 1.900 3.664 5.100 1.300 3.923 
16 3.600 1.600 2.250 1.700 0.900 1.669 16 2.600 0.700 3.714 3.600 0.900 4.000 
19 6.000 3.500 2.266 1.700 0.900 1.669 19 7.500 2.000 3.750 9.000 2.200 4.091 
20 1.900 0.600 2.375 1.400 0.700 2.000 20 4.500 1.200 3.750 5.600 1.300 4.306 
21 0.600 0.300 2.667 0.900 0.400 2.250 21 14.500 3.700 3.919 3.600 0.600 4.750 
22 1.600 0.600 2.667 2.100 0.600 2.625 22 2.900 0.700 4.143 3.400 0.700 4.657 
23 5.700 2.100 2.714 2.100 0.600 2.625 23 17.000 3.600 4.474 9.200 1.700 5.412 
24 0.600 0.200 3.000 3.500 1.200 2.917 24 7.200 1.600 4.500 10.000 1.600 5.556 
25 0.900 0.300 3.000 1.200 0.400 3.000 25 16.000 3.500 4.571 9.200 1.600 5.750 
26 5.500 1.600 3.056 0.900 0.300 3.000 26 21.500 4.700 4.574 
27 3.400 1.000 3.400 0.900 0.300 3.000 27 3.400 0.700 4.657 
26 1.400 0.400 3.500 1.400 0.400 3.500 26 6.100 1.200 5.063 
29 0.400 0.100 4.000 10.000 2.400 4.167 29 3.100 0.600 5.167 
30 3.200 0.600 4.000 1.100 0.600 1.375 30 16.000 1.900 6.421 
Lel]llth av. 1.243 0.562 1.194 0.642 lenQth OV. 5.024 1.416 3.971 1.299 
AREAS OF XENOLITHS 0.549 0.602 AREAS OF XENOLITHS 5.597 4.052 
VOLUME OF rNOLITHS 0.499 VOLUME OF rNOLJTHS 13.573 
NUMBER 30 30 NUMBER 30 25 
Axlot ratio Axial ratio 
MEAN ARITHMETIC 2.215 1.967 MEAN ARITHMETIC 3.716 3.392 
HARMONIC MEAN 1.696 1.726 HARMONIC MEAN 3.371 2.885 
GEOMETRIC MEAN 2.071 1.664 GEOMETRIC MEAN 3.574 3.174 
STANDARD DEVIATION 0.62B 0.770 STANDARD DEVIATION 1.196 1.216 
SMALLEST 1 1 SMALLEST 2.42657143 1.16666667 
LARGEST 4 4.170 LARGEST 6.42105263 5.750 
K VALUE 0.16933415 KVALUE 0.14690165 
wlag 0.60205999 0.62013605 wk>o 0.5400155 0.69272106 
APPENliE.XLS 
LOCAUTY E3 LOCAUTY E7 
PLUTON Gl PLUTON G2 
HORIZONTAL VERTICAL HORIZONTAL VERTICAL 
NUMBER X z X/Z v z VIZ NUMBER X z X!Z v z VIZ 
I 3.600 1.600 2.250 4.500 3.300 1.364 I 6.800 S.400 1.2S9 
2 4.100 1.600 2.S63 2.400 1.400 1.714 2 2.600 1.400 1.8S7 
3 IS.OOO S.BOO 2.S86 1.800 0.900 2.000 3 27.000 14.500 1.862 
4 4.700 1.800 2.611 0.600 0.300 2.000 4 21.200 10.500 2.019 
s S.600 2.100 2.667 4.500 2.200 2.04S s 4.900 2.200 2.227 
6 1.900 0.700 2.714 2.100 0.900 2.333 6 6.000 2.500 2.400 
7 6.500 2.300 2.826 IS.OOO 6.200 2.419 7 5.400 2.200 2.455 
8 2.600 0.900 2.B89 8.800 3.600 2.444 8 3.000 1.200 2.500 
9 2.400 0.800 3.000 13.000 s.ooo 2.600 9 23.000 8.900 2.SB4 
10 4.200 1.400 3.000 S.500 2.100 2.619 10 20.000 7.600 2.632 
II 3.700 1.200 3.083 2.100 0.700 3.000 II 12.000 4.500 2.667 
12 7.000 2.200 3.182 1.500 0.400 3.750 12 17.000 6.200 2.742 
13 3.600 1.100 3.273 1.600 0.400 4.000 13 3.400 1.200 2.833 
14 9.500 2.800 3.393 1.600 0.400 4.000 14 2.000 0.700 2.8S7 
IS 7.600 2.100 3.619 7.500 1.800 4.167 IS 3.800 1.200 3.167 
16 18.700 4.600 4.065 9.500 2.200 4.318 16 1.300 0.400 3.250 
17 12.000 2.900 4.138 17 4.100 1.200 3.417 
18 4.700 0.900 S.222 18 7.200 2.100 3.429 
19 11.000 1.800 6.111 19 3.600 1.000 3.600 
20 10.000 1.600 6.250 20 3.000 0.800 3.750 
21 4.400 0.700 6.286 21 3.800 1.000 3.800 
22 4.500 0.700 6.429 22 8.000 2.100 3.810 
23 16.000 2.100 7.619 23 3.500 0.900 3.889 
24 2.400 0.300 8.000 24 14.000 3.500 4.000 
2S 26.500 3.200 8.281 2S 13.000 3.200 4.063 
26 26 4.600 1.100 4.182 
27 27 7.500 1.700 4.412 
28 28 2.700 0.600 4.500 
29 29 8.000 1.500 S.333 
30 30 6.400 0.900 7.111 
Lenathav. 4.78S 1.201 2.413 0.88S length ov. 4.502 1.3S7 #DIV/01 #DIV/01 
AREAS OF XENOLITHS 4.SI4 1.677 AREAS OF XENOLITHS 4.797 #DIV/01 
VOLUME OF rNOLITHS S.350 VOLUME OF rNOLITHS #DIV/01 
NUMBER 2S 16 NUMBER 30 30 
Axial ratio Axial ratio 
MEAN ARITHMETIC 4.242 2.798 MEAN ARITHMETIC 3.287 0.000 
HARMONIC MEAN 3.547 2.S02 HARMONIC MEAN 2.845 #DIV/0! 
GEOMETRIC MEAN 3.889 2.647 GEOMETRIC MEAN 3.099 0.000 
STANDARD DEVIATION 1.912 0.954 ·-~r"" 1.171 #DIV/01 SMALLEST 2.2S 1.36363636 SMALLEST 1.2S92S926 #DIV/01 SMALLEST LARGEST 8.28 4.320 LARGEST 7.11111111 #DIV/01 LARGEST K VALUE 0.3803SS31 K VALUE #DIV/0! 
wloo O.S6584782 0.50078SI7 wlog wlog 0.7SI82231 #DIV/01 
LOCAUTY F1 LOCAUTY F2 
PLUTON G1 PLUTON G3 
Horizontal Vertical Horizontal Vertical 
NUMBER v z V/Z X z X/Z NUMBER v z V/Z X z X/Z 
I 2.700 1.400 1.929 2.800 2.100 1.333 1 ·1.100 1.000 1.100 3.154 
2 10.000 5.000 2.000 3.500 1.900 1.842 2 3.400 2.900 1.172 
3 3.400 1.600 2.125 1.600 0.800 2.000 3 6.800 S.700 1.193 
4 4.100 1.900 2.158 15.000 5.500 2.727 4 16.000 13.000 1.231 
5 4.800 2.100 2.286 9.000 3.200 2.813 5 2.100 1.600 1.313 
6 3.800 1.600 2.375 2.400 0.800 3.000 6 2.100 1.600 1.313 
7 16.500 6.700 2.463 9.900 3.300 3.000 7 1.200 0.900 1.333 
8 14.000 5.500 2.545 14.000 4.600 3.043 8 2.400 1.700 1.412 
9 6.600 2.400 2.750 7.500 2.400 3.125 9 1.600 1.100 1.455 
10 5.900 2.100 2.810 14.000 4.400 3.182 10 8.600 5.500 1.564 
11 14.500 5.100 2.843 2.600 0.800 3.250 11 3.700 2.300 1.609 
12 8.000 2.700 2.963 3.600 1.100 3.273 12 2.100 1.200 1.750 
13 12.100 4.000 3.025 9.500 2.800 3.393 13 6.500 3.700 1.757 
14 9.700 3.100 3.129 5.000 1.400 3.571 14 4.600 2.600 1.769 
15 11.000 3.500 3.143 1.800 0.500 3.600 15 2.400 1.300 1.846 
16 14.500 4.600 3.152 4.800 1.300 3.692 16 3.900 2.100 1.857 
17 15.000 4.500 3.333 6.400 1.700 3.765 17 1.400 0.700 2.000 
18 74.000 22.000 3.364 7.600 2.000 3.800 18 4.200 2.000 2.100 
19 9.000 2.600 3.462 8.000 2.100 3.810 19 3.900 1.800 2.167 
20 13.500 3.600 3.750 4.300 1.100 3.909 20 7.200 3.100 2.323 
21 7.600 1.600 4.750 2.400 0.600 4.000 21 3.500 1.500 2.333 
22 2.900 0.600 4.833 6.400 1.600 4.000 22 2.700 1.100 2.455 
23 15.400 3.100 4.968 5.000 1.200 4.167 23 3.600 1.400 2.571 
24 7.100 1.400 5.071 3.400 0.800 4.250 24 1.300 0.500 2.600 
25 11.000 2.100 5.238 14.000 3.200 4.375 25 3.200 1.200 2.667 
26 8.600 1.600 5.375 14.000 3.200 4.375 26 3.100 1.100 2.818 
27 11.500 2.100 5.476 6.100 1.300 4.692 27 4.600 1.600 2.875 
28 7.800 1.400 5.571 20.000 4.100 4.878 28 4.700 1.600 2.938 
29 18.000 3.110 5.788 19.000 3.200 5.938 29 3.400 1.100 3.091 
30 38.000 4.100 9.268 4.100 0.600 6.833 30 6.700 2.000 3.350 
Lenathov. 7.434 2.217 4.643 1.357 Lenoth ov. 2.736 1.438 #DIV/01 #DIV/01 
AREAS OF XENOUTHS 12.943 4.949 AREAS OF XENOUTHS 3.091 #DIV/01 
VOLUME OF rENOUTHS 24.529 VOLUME OF rENOUTHS #DIV/01 
NUMBER 30 30 NUMBER 30 30 
Axial Rota Axial Rota 
MEAN ARITHMETIC 3.731 3.655 MEAN ARITHMETIC 1.999 0.105 
HARMONIC MEAN 3.161 3.216 HARMONIC MEAN 1.761 #DIV/0! 
GEOMETRIC MEAN 3.455 3.488 GEOMETRIC MEAN 1.898 0.000 
STANDARD DEVIATION 1.610 1.099 STANDARD DEVIATION 0.650 #DIV/01 
SMALLEST 1.92857143 1.33333333 SMALLEST 1.1 3.15384615 
LARGEST 9.26829268 6.833 LARGEST 3.35 #DIV/01 
K VALUE 0.01487904 KVALUE #DIV/01 
wlog 0.68176401 0.70969387 wlog 0.48365212 #DIV/0! 
Page 1 
LOCALITY F3 LOCALITY G1 
PLUTON G3 PLUTON G1 
Horizontal Vertical Horizontal Vertical 
NUMBER y z VIZ X z XIZ NUMBER y z VIZ X z XIZ 
1 7.500 4.200 1.786 1.400 1.400 1.oo:J 1 4.3CXJ 2.100 2.048 2.500 2.100 1.1\JO 
2 4.500 2.300 1.957 4.3CXJ 4.oo:J 1.075 2 4.600 2.200 2.091 16.oo:J 7.oo:J 2.286 
3 2.400 1.200 2.oo:J 11.500 9.700 1.186 3 20.oo:J 9.500 2.105 2l.oo:J 8.500 2.471 
4 2.800 1.400 2.oo:J 3.oo:J 2.100 1.429 4 5.700 2.500 2.280 2.200 0.800 2.750 
5 3.800 1.800 2.111 4.900 3.400 1.441 5 12.oo:J 4.800 2.500 5.600 1.600 3.500 
6 4.600 2.100 2.1\JO 2.400 1.600 1.500 6 5.700 2.200 2.591 5.600 1.600 3.500 
7 4.500 2.oo:J 2.250 2.500 1.600 1.563 7 6.oo:J 2.3CXJ 2.609 7.oo:J 2.oo:J 3.500 
8 4.3(X) 1.900 2.263 2.100 1.3CXJ 1.615 8 4.700 1.800 2.611 5.600 1.400 4.000 
9 5.600 2.400 2.333 4.oo:J 2.400 1.667 9 6.800 2.600 2.615 5.600 l.J(X) 4.308 
10 2.600 1.100 2.364 14.oo:J 8.oo:J 1.750 lO lO.oo:J 3.600 2.778 3.800 0.800 4.750 
11 6.oo:J 2.500 2.400 1.600 0.900 1.778 11 20.oo:J 7.oo:J 2.857 
12 5.600 2.3(X) 2.435 2.500 1.400 1.786 12 5.200 1.800 2.889 
13 13.500 5.500 2.455 13.oo:J 7.oo:J 1.857 13 9.oo:J 3.oo:J 3.oo:J 
14 7.500 3.oo:J 2.500 6.400 3.400 1.882 14 8.500 2.800 3.036 
15 4.900 1.900 2.579 8.700 4.600 1.891 15 52.oo:J 16.500 3.152 
16 2.600 1.oo:J 2.600 2.oo:J 1.oo:J 2.oo:J 16 38.oo:J 12.oo:J 3.167 
17 5.oo:J 1.900 2.632 6.500 3.oo:J 2.167 17 38.oo:J 11.500 3.304 
18 7.oo:J 2.600 2.692 8.oo:J 3.600 2.222 18 5.3CXJ 1.600 3.313 
19 3.oo:J 1.100 2.727 16.oo:J 7.oo:J 2.286 19 5.3CXJ 1.600 3.313 
20 1.700 0.600 2.833 11.500 5.oo:J 2.3CXJ 20 7.oo:J 2.oo:J 3.500 
21 4.600 1.600 2.875 6.500 2.800 2.321 21 5.100 1.400 3.643 
22 10.oo:J 3.400 2.941 2.600 1.100 2.364 22 9.oo:J 2.200 4.091 
23 6.500 2.200 2.955 4.100 1.700 2.412 23 62.500 15.oo:J 4.167 
24 3.100 1.oo:J 3.100 2.200 0.900 2.444 24 17.oo:J 4.oo:J 4.250 
25 10.oo:J 3.200 3.125 28.oo:J 1l.oo:J 2.545 25 3.oo:J 0.700 4.286 
26 23.oo:J 7.oo:J 3.286 6.oo:J 2.200 2.727 26 18.oo:J 4.100 4.3\JO 
27 11.oo:J 3.oo:J 3.667 7.oo:J 2.500 2.800 27 7.oo:J 1.400 5.oo:J 
28 7.oo:J 1.800 3.889 1.400 0.500 2.800 28 28.oo:J 5.oo:J 5.600 
29 9.oo:J 2.3(X) 3.913 4.oo:J 1.3CXJ 3.077 29 7.oo:J l.oo:J 7.oo:J 
30 4.500 1.oo:J 4.500 4.100 1.300 3.154 30 30.500 4.3(X) 7.093 
Length av. 4.366 1.664 3.597 1.827 Length av. 7.619 2.299 4.796 1.546 
AREAS OF XENOLITHS 5.706 5.160 AREAS OF XENOLITHS 13.755 5.822 
VOLUME OF (ENOLITHS 15.020 VOLUME OF XENOLITHS 29.571 
NUMBER 30 30 NUMBER I 30 10 
Axial Ra~o AxiaiR~o 
MEAN ARITHMETIC 2.712 2.035 MEAN ARITHMETIC 3.509 3.225 
HARMONIC MEAN 2.517 1.821 HARMONIC MEAN 3.089 2.781 
GEOMEffiiC MEAN 2.646 1.953 GEOMEffiiC MEAN 3.321 3.028 
STANDARD DEVlATION 0.638 0.572 STANDARD DEVlATION 1.292 1.062 
SMALLEST 1.78571429 1 SMALLEST 2.04761905 1.19047619 
LARGEST 4.5 3.154 LARGEST 7.09302326 4.750 
KVALUE .{).35038407 KVALUE .{).0930879 
wlog 0.40140054 0.4988405 wlog 0.53958222 0.6009729 
LOCALITY G2 LOCALITY G4 
PLUTON G1 PLUTON G2 
Horizontal Vertical Horizontal Vertical 
NUMBER y z VIZ X z XIZ NUMBER y z VIZ X z XIZ 
1 3.100 1.400 2.214 1 34.oo:J 24.oo:J 1.417 2.200 l.J(X) 1.692 
2 3.100 1.200 2.583 2 14.oo:J 9.oo:J 1.556 6.600 3.600 1.833 
3 6.200 2.400 2.583 3 5.500 3.200 1.719 1.900 0.900 2.111 
4 4.200 1.600 2.625 4 6.600 3.500 1.886 2.600 1.200 2.167 
5 8.600 3.200 2.688 5 2.100 l.oo:J 2.100 2.oo:J 0.900 2.222 
6 3.oo:J 1.100 2.727 6 3.800 1.800 2.111 4.oo:J 1.500 2.667 
7 17.oo:J 6.oo:J 2.833 7 2.600 1.200 2.167 3.600 l.J(X) 2.769 
8 3.400 1.100 3.091 8 29.oo:J 12.500 2.320 4.oo:J 1.400 2.857 
9 17.oo:J 5.500 3.091 9 lO.oo:J 4.oo:J 2.500 3.200 1.100 2.909 
10 9.oo:J 2.900 3.103 lO 2.oo:J 0.800 2.500 16.oo:J 5.200 3.077 
11 9.500 2.900 3.276 11 11.500 4.500 2.556 8.oo:J 2.600 3.077 
12 8.oo:J 2.300 3.478 12 1.800 0.700 2.571 4.100 1.200 3.417 
13 7.500 2.100 3.571 13 3.600 l.J(X) 2.769 3.100 0.900 3.444 
14 16.500 4.500 3.667 14 10.oo:J 3.500 2.857 4.500 0.900 5.oo:J 
15 13.500 3.600 3.750 15 3.500 1.200 2.917 lO.oo:J 1.900 5.263 
16 8.3CXJ 2.200 3.773 16 4.500 1.400 3.214 
17 7.600 2.oo:J 3.800 17 3.800 1.100 3.455 
18 18.oo:J 4.400 4.091 18 4.600 1.3CXJ 3.538 
19 18.400 4.oo:J 4.600 19 5.200 1.400 3.714 
20 3.300 0.700 4.714 20 12.500 3.oo:J 4.167 
21 21 4.200 1.oo:J 4.200 
22 22 2.600 0.600 4.333 
23 23 3.100 0.600 5.167 
24 24 
25 25 
26 26 
27 27 
28 28 
29 29 
30 30 
Lenathav. 6.183 1.946 #DIVIO! #DIVIOI Lenath av. 4.099 1.373 3.586 1.325 
AREAS OF XENOLITHS 9.448 #DIVIOI AREAS OF XENOLITHS 4.421 3.731 
VOLUME OF (ENOUTHS #DIVIOI VOLUME OF rENOUTHS 10.196 
NUMBER 20 30 NUMBER 23 15 
Axial Ra~o Axial Ra~o 
MEAN ARITHMETIC 3.313 O.oo:J MEAN ARITHMETIC 2.858 2.967 
HARMONIC MEAN 3.184 #DIV/01 HARMONIC MEAN 2.558 2.691 
GEOMETRIC MEAN 3.247 O.oo:J GEOMEffiiC MEAN 2.704 2.820 
STANDARD DEVlATION 0.686 #DIV/01 STANDARD DEVlATION 0.978 1.030 
SMALLEST 2.21428571 #DIVIO! SMALLEST 1.41666667 1.69230769 
LARGEST 4.71 #DIVIO! LARGEST 5.16 5.230 
KVALUE #DIVIO! KVALUE 0.05401969 
wlog 0.32778725 #DIVIO! wlog 0.56138203 0.4\l002236 
LOCALITY G5 LOCALITY HI 
PLUTON G2 PLUTON Gl 
Hortzontal Vertical Horizontal Vertical 
NUMBER v z VIZ X z XIZ NUMBER v z VIZ X z XIZ 
I 7.50) 4.200 1.786 3.1XXJ 2.600 1.154 I 4.100 2.900 1.414 5.1XXJ 2.600 1.923 
2 9.1XX) 5.cm 1.800 6.1XXJ 4.50) 1.333 2 4.50) 2.50J 1.800 90.1XXJ 4l.IXX) 2.195 
3 3.600 2.1XXJ 1.800 4.1XXJ 2.200 1.818 3 4.50) 2.200 2.045 7.1XXJ 3.1XXJ 2.333 
4 3.100 1.600 1.938 1.50) 0.800 1.875 4 4.600 2.200 2.091 9.1XX) 3.700 2.432 
5 4.400 2.1XXJ 2.200 9.1XXJ 4.200 2.143 5 1l.IXXJ 5.1XXJ 2.200 11.1XXJ 4.50) 2.444 
6 6.900 2.700 2.556 7.1XXJ 3.100 2.258 6 15.1XXJ 6.50) 2.308 9.000 3.50) 2.571 
7 4.200 1.600 2.625 lO.IXXJ 4.400 2.273 7 13.1XXJ 5.300 2.453 1.800 0.700 2.571 
8 7.400 2.800 2.643 4.800 2.100 2.286 8 4.800 1.900 2.526 1.600 0.600 2.667 
9 3.900 1.400 2.786 1.200 O.SOJ 2.400 9 13.1XXJ 5.1XXJ 2.600 2.800 1.000 2.800 
10 3.200 1.100 2.909 5.200 2.1XXJ 2.600 10 IO.IXXJ 3.800 2.632 1.700 0.600 2.833 
ll 3.600 1.200 3.1XXJ 0.400 0.150 2.667 II 16.1XXJ 6.1XXJ 2.667 3.50) 1.200 2.917 
12 2.100 0.700 3.1XXJ 6.1XXJ 2.200 2.727 12 13.600 5.1XXJ 2.700 9.50) 3.200 2.9/:P 
13 2.800 0.900 3.!11 33.1XXJ ll.SOJ 2.870 13 3.1XXJ 1.100 2.727 9.600 3.100 3IJn 
14 5.800 1.800 3.222 3.800 1.200 3.167 14 5.1XXJ 1.800 2.778 2.800 0.900 3.!11 
15 10.1XX) 2.900 3.448 4.50J 1.400 3.214 15 IO.IXXJ 3.100 3.226 3.500 l.lOO 3.182 
16 2.100 0.600 3.500 30.1XXJ 9.200 3.261 16 33.1XXJ IO.IXXJ 3.300 3.500 1.100 3.182 
17 6.50) 1.800 3.611 15.1XXJ 4.600 3.261 17 IO.IXXJ 3.1XXJ 3.333 8.600 2.400 3.583 
18 4.400 1.200 3.667 8.500 2.600 3.269 18 25.1XXJ ],lXX) 3.571 4.000 1.100 3.636 
19 15.1XXJ 3.800 3.947 4.1XXJ 1.200 3.333 19 4.500 1.200 3.750 7.100 1.800 3.944 
20 6.700 1.600 4.188 6.400 1.900 3.368 20 20.1XXJ 5.200 3.846 12.1XXJ 3.000 4.1XX) 
21 4.200 !.lXX) 4.200 8.500 2.400 3.542 21 8.1XXJ 2.1XXJ 4.1XXJ 7.1XXJ 1.700 4.!18 
22 ll.IXX) 2.600 4.231 14.1XXJ 3.900 3.590 22 6.400 1.600 4.1XX) 23.1XXJ 5.400 4.259 
23 7.800 1.800 4.333 4.1XXJ l.IXXJ 4.1XXJ 23 13.500 3.200 4.219 7.600 1.700 4.471 
24 IO.IXXJ 2.300 4.348 3.800 0.900 4.222 24 5.600 1.200 4.667 6.300 1.400 4.500 
25 4.500 !.lXX) 4.500 32.1XXJ 7.300 4.384 25 29.1XXJ 6.1XXJ 4.833 2.800 0.600 4.667 
26 8.500 1.800 4.722 10.300 2.200 4.682 26 23.1XXJ 4.500 5.!11 7.500 1.400 5.357 
27 19.1XXJ 3.800 5.1XXJ 7.1XXJ 1.400 5.1XXJ 27 2l.IXXJ 4.1XXJ 5.250 8.500 1.500 5.667 
28 82.1XXJ 12.500 6.560 l.IXXJ 0.200 5.1XXJ 28 18.500 3.300 5.606 7.500 1.200 6.250 
29 16.1XXJ 2.300 6.957 1l.IXXJ 2.1XXJ 5.500 29 12.1XXJ 1.800 6.667 4.600 0.700 6.571 
30 8.600 1.100 7.818 2.500 0.300 8.333 30 3.400 0.500 6.800 14.1XXJ 2.1XXJ 7.1XXJ 
Lenath av. 5.152 1.568 3.150 0.979 Length av. 7.405 2.215 4.648 1.343 
AREAS OF XENOLITHS 6.343 2.421 AREAS OF XENOLITHS 12.883 4.903 
VOLUME OF ~ENOLITHS 8.313 VOLUME OF rENOLITHS 24.204 
NUMBER 30 30 NUMBER 30 30 
Axial Ratio Axial Ratio 
MEAN ARITHMETIC 3.680 3.318 MEAN ARITHMETIC 3.504 3.708 
HARMONIC MEAN 3.!14 2.740 HARMONIC MEAN 2.967 3.234 
GEOMETRIC MEAN 3.422 3.052 GEOMETRIC MEAN 3.257 3.497 
STANDARD DEVIATION 1.482 1.438 STANDARD DEVIATION 1.390 1.353 
SMALLEST 1.78571429 1.15384615 SMALLEST 1.4137931 1.92307692 
LARGEST 7.81818182 8.333 LARGEST 6.8 ].lXX) 
KVALUE 
.0.!1265694 KVALUE 0.07937383 
wlog 0.64129379 0.85867085 wlog 0.68212305 0.56!10138 
LOCALITY H4 LOCALITY H3 
PLUTON G2 PLUTON Gl 
Horizontal Vertical Hortzontal Vertical 
NUMBER v z VIZ X z XIZ NUMBER v z VIZ X z X!Z 
I 2.200 l.SOJ 1.467 20.1XXJ 12.1XXJ 1.667 I 5.200 3.500 1.486 0.900 0.800 1.125 
2 3.1XX) 1.700 1.765 30.1XXJ 18.1XXJ 1.667 2 5.1XXJ 2.800 1.786 3.700 1.500 2.467 
3 7.300 4.100 1.780 7.1XXJ 3.100 2.258 3 7100 3.900 1.821 7.500 2.600 2.885 
4 3.100 1.400 2.214 2.800 1.200 2.333 4 2.600 1.400 1.857 8.800 3.1XXJ 2.933 
5 40.000 18.000 2.222 3.000 1.100 2.727 5 8.500 3.1XXJ 2.833 13.1XXJ 4.100 3.171 
6 3.600 1.600 2.250 10.500 3.300 3.182 6 0.900 0.300 3.1XXJ 2.300 0.700 3.286 
7 6.600 2.700 2.444 2.100 0.600 3.500 7 3.1XXJ ].lXX) 3.1XXJ 9.500 2.800 3.393 
8 16.000 6.50) 2.462 7.000 1.300 5.385 8 6.400 2.100 3.048 3.100 0.900 3.444 
9 1.000 0.400 2.500 6.1XXJ 1.100 5.455 9 2.800 0.900 3.!11 23.1XXJ 6.300 3.651 
;o 16.500 6.000 2.750 14.1XXJ 2.1XXJ 7.000 10 13.1XXJ 4.1XX) 3.250 4.400 1.200 3.667 
II 1.700 0.600 2.833 ll 3.1XXJ 0.900 3.333 4.500 1.200 3.750 
12 4.000 1.400 2.857 12 3.200 0.900 3.556 2.300 0.600 3.833 
13 4.100 1.300 3.154 13 4.800 1.300 3.692 3.600 0.900 4.000 
14 2.000 0.600 3.333 14 24.1XXJ 6.1XXJ 4.1XX) 6.400 1.500 4.267 
15 8.100 2.400 3.375 15 3.800 0.900 4.222 1.300 0.300 4.333 
16 l.SOJ 0.400 3.750 16 3.400 0.800 4.250 8.500 1.900 4.474 
17 9.700 2.400 4.042 17 4.800 1.100 4.364 6.300 1.400 4.500 
18 5.50J 1.300 4.231 18 ll.IXX) 2.500 4.400 10.1XXJ 2.200 4.545 
19 2.700 0.600 4.500 19 3.200 0.700 4.571 4.200 0.900 4.667 
20 6.500 1.400 4.643 20 6.1XXJ 1.300 4.615 IO.IXXJ 2.100 4.762 
21 10.700 2.100 5.095 21 12.1XXJ 2.400 5.000 4.500 0.900 5.000 
22 1.600 0.300 5.333 22 2.1XXJ 0.400 5.1XXJ 15.1XXJ 2.800 5.357 
23 13.000 2.100 6.190 23 1.600 0.300 5.333 3.600 0.600 6.000 
24 2.100 0.300 ],lXX) 24 3.1XXJ 0.500 6.1XXJ 2.500 0.400 6.250 
25 2.200 0.300 7.333 25 4.300 0.700 6.143 4.600 0.700 6.571 
26 26 5.600 0.800 7.000 17.1XX) 2.500 6.800 
27 27 14.1XXJ 1.900 7.368 1.500 0.200 7.500 
28 28 27.1XXJ 3.600 7.500 7.1XXJ 0.900 7.778 
29 29 20.1XXJ 2.600 7.692 1.600 0.200 8.1XXJ 
30 30 42.1XXJ 4.800 8.750 10.500 1.200 8.750 
Lenath av. 3.085 0.833 5.350 1.574 Lenath av. 3.871 0.971 3.561 0.786 
AREAS OF XENOLITHS 2.019 6.616 AREAS OF XENOLITHS 2.952 2.198 
VOLUME OF !XENOLITHS 13.608 VOLUME OF XENOLITHS 5.672 
NUMBER 25 10 NUMBER l 30 30 
Axial Ra~o Axial Ra~o 
MEAN ARITHMETIC 3.008 3.517 MEAN ARITHMETIC 4.399 4.705 
HARMONIC MEAN 2.939 2.817 HARMONIC MEAN 3.528 3.876 
GEOMETRIC MEAN 3.265 3.134 GEOMETRIC MEAN 3.999 4.359 
STANDARD DEVIATION 1.618 1.824 STANDARD DEVIATION 1.897 1.797 
SMALLEST 1.46666667 1.66666567 SMALLEST 1.48571429 l.l25 
LARGEST 7.33 7.000 LARGEST 8.75 8.750 
KVALUE .0.0392945 KVALUE 0.07465173 
wlog 0.69877255 0.62324929 wlog 0.77007275 0.89085553 
LOCALITY J3 LOCALITY Jl 
PLUTON Gl PLUTON Gl 
horizontal vertical horiZontal vertical 
NUMBER y z Y/Z X z X/Z NUMBER y z Y/Z X z X!Z 
I 1.5 0.7 2.143 2.1 1.4 1.500 I 2.2 1.4 1.571 2.3 2.1 1.095 
2 10.5 4.8 2.188 2.6 1.5 1.733 2 6.5 4 1.625 5 3.6 1.389 
3 7.1 3.1 2.290 21 11.5 1.826 3 6.4 3.8 1.684 5.2 3.4 1.529 
4 2.6 1.1 2.364 2.2 I. I 2.000 4 4 2.3 1.739 2.5 1.6 1.563 
5 5.8 2.4 2.417 9.5 3.9 2.436 5 13 7.4 1.757 II 6.5 1.692 
6 9.7 3.9 2.487 4 1.6 2.500 6 2.6 1.4 1.857 7 3.4 2.059 
7 7.5 2.9 2.586 27.5 10.5 2.619 7 5.6 3 1.867 1.1 0.5 2.200 
8 10 3.2 3.125 2.8 I 2.800 8 1.5 0.8 1.875 6 2.7 2.222 
9 5.9 1.8 3.278 2 0.7 2.857 9 5 2.6 1.923 2.5 1.1 2.273 
10 12 3.6 3.333 8.6 3 2.867 10 7.7 3.9 1.974 6 2.4 2.500 
II 16.5 4.9 3.367 2.2 0.7 3.143 11 3.4 1.7 2.000 3.5 1.4 2.500 
12 3.8 1.1 3.455 6 1.9 3.158 12 3.2 1.6 2.000 5 1.9 2.632 
13 17 4.9 3.469 2.9 0.9 3.222 13 3.6 1.7 2.118 9.5 3.5 2.714 
14 5 1.4 3.571 6.8 2.1 3.238 14 3 1.4 2.143 3 1.1 2.727 
IS 16.9 4.6 3.674 4.6 1.4 3.286 15 1.5 0.7 2.143 4.5 1.6 2.813 
16 2.4 0.6 4.000 13 3.9 3.333 16 3 1.4 2.143 3.4 1.2 2.833 
17 3.4 0.8 4.250 8.2 2.3 3.565 17 2.6 1.2 2.167 7.4 2.6 2.846 
18 7.7 1.8 4.278 5 1.4 3.571 18 2.5 1.1 2.273 5 1.6 3.125 
19 3.6 0.8 4.500 14.5 4 3.625 19 2.1 0.9 2.333 3 0.9 3.333 
20 6 1.3 4.615 4.8 1.3 3.692 20 2.6 1.1 2.364 16 4.5 3.556 
21 15 3.2 4.688 8 2 4.000 21 26 10.5 2.476 4 1.1 3.636 
22 18 3.8 4.737 1.3 0.3 4.333 22 4 1.6 2.500 l.l 0.3 3.667 
23 24 4.6 5.217 4 0.9 4.444 23 3.8 1.5 2.533 7 1.9 3.684 
24 10 1.9 5.263 0.9 0.2 4.500 24 3 1.1 2.727 3 0.8 3.750 
25 6 1.1 5.455 9.7 2.1 4.619 25 12.5 4.4 2.841 3.6 0.9 4.000 
26 6 I 6.000 1.9 0.4 4.750 26 32 II 2.909 7.2 1.6 4.500 
27 7 1.1 6.364 2.7 0.5 5.400 27 12 3.9 3.077 5 l.l 4.545 
28 13 2 6.500 2 0.3 6.667 28 9 2.2 4.091 3.1 0.6 5.167 
29 5.6 0.8 7.000 3 0.4 7.500 29 2.5 0.6 4.167 1.1 0.2 5.500 
30 14.5 1.1 13.182 30 10 1.6 6.250 17 2.4 7.083 
Length 011. 5.641 1.441 3.261 0.858 Lenath 011. 3.456 1.509 3.278 1.038 
AREAS OF XENOLITHS 6.384 2.198 AREAS OF XENOLITHS 4.095 2.672 
VOLUME OF XENOLITHS 8.265 VOLUME OF rNOUTHS 6.155 
NUMBER I 30 29 NUMBER 30 30 
Axial Ratio Axiol Ratio 
MEAN ARITHMETIC 4.327 3.558 MEAN ARITHMETIC 2.438 3.104 
HARMONIC MEAN 3.583 3.036 HARMONIC MEAN 2.167 2.546 
GEOMETRIC MEAN 3.955 3.327 GEOMETRIC MEAN 2.314 2.849 
STANDARD DEVIATION 2.158 1.364 STANDARD DEVIATION 0.954 1.325 
SMAlLEST 2.14285714 1.5 SMALLEST SMAlLEST 1.57142857 1.0952381 
LARGEST 13.1818182 7.500 LARGEST LARGEST 6.25 7.083 
K VALUE .0.12979924 K VALUE 0.20841732 
wlog wlog 0.7889821 0.69897 wlog 0.59958537 0.81072914 
LOCALITY JS LOCALITY J4 
PLUITON G1 PLUTON G2 
horiZontal vertical horizontal vertical 
NUMBER y z Y/Z X z X/Z NUMBER y z Y/Z X z X/Z 
1 2 1.6 1.250 3.5 1.9 1.842 I 1.6 I 1.600 l.3 1.2 1.083 
2 1.5 0.9 1.667 5.5 2.8 1.964 2 6.1 3.1 1.968 6 2.5 2.400 
3 3 l.7 1.765 4.5 2.2 2.045 3 2.8 1.4 2.000 1.5 0.6 2.500 
4 1.6 0.9 1.778 6 2.9 2.069 4 9 4.5 2.000 29 11 2.636 
5 18 9 2.000 4.3 2 2.150 5 2.7 1.3 2.077 2.2 0.8 2.750 
6 4.3 2.1 2.048 7 2.9 2.414 6 3 1.4 2.143 1.5 0.5 3.000 
7 3.8 1.8 2.111 8.1 3.1 2.613 7 2.5 1.1 2.273 2.8 0.9 3.111 
8 1.5 0.7 2.143 5 1.8 2.778 8 24 9.5 2.526 IS 4.8 3.125 
9 5.6 2.6 2.154 6 1.9 3.158 9 3.2 1.1 2.909 1.6 0.5 3.200 
10 2.2 1 2.200 9.5 3 3.167 10 II 3.5 3.143 10.3 3 3.433 
II 2.2 1 2.200 3.2 I 3.200 11 6.3 2 3.150 5 1.4 3.571 
12 3.1 1.4 2.214 11 3.4 3.235 12 3.2 1 3.200 1.8 0.5 3.600 
13 9.5 4 2.375 3.7 1.1 3.364 13 3 0.9 3.333 4 l.l 3.636 
14 3.4 1.4 2.429 3.2 0.9 3.556 14 3.9 1.1 3.545 9.5 2.6 3.654 
15 l.7 0.7 2.429 8.5 1.9 4.474 15 3.2 0.9 3.556 7.7 2.1 3.667 
16 I 0.4 2.500 4.7 0.8 5.875 16 21.5 6 3.583 2.2 0.6 3.667 
17 4 1.6 2.500 17 2.9 0.8 3.625 4.2 1.1 3.818 
18 5.5 2 2.750 18 3 0.8 3.750 14 3.5 4.000 
19 4 1.4 2.857 19 7 1.8 3.889 4 1 4.000 
20 2.6 0.9 2.889 20 4 1 4.000 3.2 0.8 4.000 
21 22 7 3.143 21 2 0.5 4.000 3.8 0.9 4.222 
22 2 0.6 3.333 22 1.8 0.45 4.000 3.4 0.8 4.250 
23 5.5 1.6 3.438 23 2.1 0.5 4.200 4 0.9 4.444 
24 31 9 3.444 24 3 0.7 4.286 5.4 1.2 4.500 
25 2.4 0.6 4.000 25 3 0.6 5.000 8 1.6 5.000 
26 1.9 0.4 4.750 26 3.2 0.6 5.333 3.6 0.7 5.143 
27 5.4 0.7 7.714 27 2.8 0.5 5.600 12 2.3 5.217 
28 28 4 0.7 5.714 5.4 I 5.400 
29 29 2.9 0.4 7.250 10 1.8 5.556 
30 30 4.2 0.4 10.500 2.8 0.5 5.600 
Lenath av. 2.715 1.046 5.089 1.710 Length ov. 3.282 0.863 3.393 0.973 
AREAS OF XENOLITHS 2.231 6.836 AREAS OF XENOLITHS 2.224 2.592 
VOLUME OF rNOLITHS 12.372 VOLUME OF rNOLITHS 5.672 
NUMBER 27 16 NUMBER 30 30 
Axial Ratio Axial Ratio 
MEAN ARITHMETIC 2.744 2.994 MEAN ARITHMETIC 3.805 3.806 
HARMONIC MEAN 2.355 2.725 HARMONIC MEAN 3.131 3.335 
GEOMETRIC MEAN 2.556 2.848 GEOMETRIC MEAN 3.480 3.641 
STANDARD DEVIATION 1.249 1.048 STANDARD DEVIATION 1.808 1.038 
SMALLEST 1.25 1.84210526 SMAlLEST 1.6 1.08333333 
LARGEST 7.71 5.880 LARGEST 10.5 5.600 
KVALUE 0.17041612 KVALUE 0.05506384 
wlog 0.79014437 0.50406288 wlog 0.81706932 0.71342592 
LOCAUlY Js· LOCAUlY K2 
PLUTON Gl PLUTON Gl 
horizontal vertical horizontal vertical 
NUMBER y z Y/Z X z X/Z NUMBER y z Y/Z X z X/Z 
I 2.4 1.6 1.500 I 2 I.S 1.333 S.2 4.1 1.268 
2 3.1 1.7 1.824 2 S.l 3 1.700 4.6 3.6 1.278 
3 6.1 2.4 2.542 3 1.9 1.1 1.727 13 8.S I.S29 
4 4.9 1.9 2.S79 4 s 2.4 2.083 7.S 4.6 1.630 
s 0.8 0.3 2.667 s 1.9 0.9 2.111 IS 8.2 1.829 
6 14.S S.4 2.685 6 4.7 2 2.350 2.1 1.1 1.909 
7 7 2.6 2.692 7 9.2 3.8 2.421 2.1 1.1 1.909 
8 3 1.1 2.727 8 2.4 0.9 2.667 2.1 1.1 1.909 
9 4.S 1.6 2.813 9 7.1 2.6 2.731 3 1.4 2.143 
10 4.6 1.6 2.87S 10 3.6 1.3 2.769 0.5 0.23 2.174 
II 2.6 0.8 3.250 II 4 1.4 2.8S7 12 S.4 2.222 
12 2.6 0.8 3.250 12 2 0.7 2.857 2 0.9 2.222 
13 3 0.9 3.333 13 6.2 2.1 2.9S2 4.5 2 2.250 
14 7.S 2.2 3.409 14 36 12 3.000 1.2 o.s 2.400 
IS 3.6 I 3.600 IS 3.4 1.1 3.091 4.7 1.9 2.474 
16 4 1.1 3.636 16 14 4.S 3.111 3.4 1.37 2.482 
17 6 1.6 3.750 17 3.S 1.1 3.182 11.2 4.S 2.489 
18 s 1.3 3.846 18 2 0.6 3.333 3.8 1.4 2.714 
19 3.5 0.9 3.889 19 7 2 3.500 12 4.4 2.727 
20 7 1.8 3.889 20 9.2 2.6 3.S38 6.S 1.9 3.421 
21 6 I.S 4.000 21 s 1.4 3.S71 2.2 0.6 3.667 
22 6.4 I.S 4.267 22 S.l 1.4 3.643 1.1 0.3 3.667 
23 4 0.9 4.444 23 2.7 0.7 3.8S7 6 1.6 3.750 
24 6.2 1.2 5.167 24 1.6 0.4 4.000 10 2.6 3.846 
2S 6 1.1 S.455 2S 1.9 0.4 4.750 3.6 0.9 4.000 
26 S.l 0.9 S.667 26 2.4 o.s 4.800 2.8 0.7 4.000 
27 26 4.4 S.909 27 2.4 0.45 S.333 4.2 I 4.200 
28 12 2 6.000 28 1.6 0.3 S.333 2.7 0.6 4.500 
29 S.6 0.9 6.222 29 3.4 0.6 S.667 6.7 1.2 5.583 
30 39 S.l 7.647 30 #DIV/0! 3 o.s 6.000 
Lenothav. 3.942 1.167 #DIV/01 #DIV/0! Lenqth av. 3.132 0.92S 2.824 1.007 
AREAS OF XENOLITHS 3.61S #DIV/0! AREAS OF XENOLITHS 2.276 2.234 
VOLUME OF rNOLITHS #DIV/01 VOLUME OF rNOLITHS 4.663 
NUMBER 30 30 NUMBER 29 30 
Axial Ratio Axial Ratio 
MEAN ARITHMETIC 3.851 0.000 MEAN ARITHMETIC 3.2SI 2.873 
HARMONIC MEAN 3.307 #DIV/01 HARMONIC MEAN 2.817 2.396 
GEOMETRIC MEAN 3.611 0.000 GEOMETRIC MEAN 3.069 2.648 
STANDARD DEVIATION 1.423 #DIV/0! STANDARD DEVIATION 1.109 1.213 
SMAllEST I.S #DIV/0! SMAllEST 1.33333333 1.26829268 
LARGEST 7.64705882 #DIV/01 LARGEST S.67 6.000 
K VALUE #DIV/0! K VALUE .(l.J5606501 
wlog 0.70740317 #DIV/01 wlog 0.62864432 0.67493176 
LOCAUlY L2 LOCAUlY Ll 
PLUTON G3 PLUTON G2 
hortzontal vertical honzontal vertical 
NUMBER y z Y/Z X z X!Z NUMBER y z Y/Z X z X/Z 
I 4.1 3.4 1.206 2.2 2.1 1.048 I 1.9 1.3 1.462 1.7 1.1 1.545 
2 2.6 1.9 1.368 I.S 1.1 1.364 2 4.3 2.6 1.654 2.1 1.2 1.750 
3 s.s 3.4 1.618 9 6.S 1.38S 3 4.2 2.4 1.750 2.4 1.3 1.846 
4 3.4 2.1 1.619 1.6 1.1 1.4SS 4 21 11 1.909 s 2.6 1.923 
s 0.9 o.s 1.800 2.4 1.6 I.SOO s 6 3.1 1.93S 3.1 1.6 1.938 
6 7.8 4.2 1.857 3 2 I.SOO 6 1.6 0.8 2.000 2.7 1.3 2.077 
7 3.4 1.8 1.889 2.4 1.4 1.714 7 2.9 1.4 2.071 4 1.9 2.105 
8 4 2.1 1.905 2.4 1.4 1.714 8 4 1.9 2.105 7.6 3.6 2.111 
9 2.S 1.3 1.923 1.9 1.1 1.727 9 3.6 1.7 2.118 3.6 1.7 2.118 
10 1.2 0.6 2.000 3 1.6 1.87S 10 7.3 3.4 2.147 1.4 0.6 2.333 
11 2.8 1.4 2.000 4 2.1 1.905 11 II.S S.2 2.212 4.S 1.9 2.368 
12 1.2 0.6 2.000 1.8 0.9 2.000 12 2.7 1.2 2.250 2.2 0.9 2.444 
13 2.8 1.3 2.154 0.4 0.2 2.000 13 3.9 1.7 2.294 2 0.8 2.500 
14 S.2 2.4 2.167 S.7 2.8 2.036 14 2.1 0.9 2.333 10 4 2.500 
1S II.S 5 2.300 2.1 I 2.100 IS S.7 2.4 2.37S 2.9 1.1 2.636 
16 11.1 4.8 2.313 3 1.4 2.143 16 4 1.6 2.500 2.4 0.9 2.667 
17 1.9 0.8 2.37S I.S 0.7 2.143 17 3.S 1.4 2.500 4.S 1.6 2.813 
18 2.3 0.9 2.556 7.4 3.4 2.176 18 3.4 1.3 2.61S 10 3.S 2.857 
19 4.2 1.6 2.625 4 1.8 2.222 19 2.9 1.1 2.636 8 2.8 2.857 
20 3.7 1.4 2.643 13 S.8 2.241 20 6.S 2.4 2.708 2.1 0.6 3.500 
21 2.3 0.8 2.87S 10.6 4.6 2.304 21 S.7 2.1 2.714 3.6 I 3.600 
22 I.S o.s 3.000 1.4 0.6 2.333 22 IS.1 S.4 2.796 1.8 o.s 3.600 
23 1.3 0.4 3.250 7.S 3.2 2.344 23 7.7 2.6 2.962 6 1.6 3.750 
24 4.1 1.2 3.417 4.6 1.9 2.421 24 9 3 3.000 1.2 0.3 4.000 
2S 2.4 0.7 3.429 II 4.S 2.444 2S 7.S 2.4 3.125 6.4 1.6 4.000 
26 1.4 0.4 3.500 3 1.2 2.SOO 26 10 3.1 3.226 1.7 0.4 4.250 
27 8.5 2.4 3.542 3.8 1.4 2.714 27 1.5 0.4 3.750 s 1.05 4.762 
28 4 1.1 3.636 3 1.1 2.727 28 S.3 1.4 3.786 7.S 1.4 S.3S7 
29 1.7 0.2 8.SOO 10.S 3.8 2.763 29 3.5 0.8 4.375 3.8 0.7 S.429 
30 10 0.7 14.286 2.6 0.8 3.250 30 14.S 1.6 9.063 6.3 1.1 5.727 
Lenath av. 2.490 0.886 2.375 1.194 Lenqth av. 3.841 1.496 2.951 1.004 
AREAS OF XENOLITHS 1.733 2.228 AREAS OF XENOLITHS 4.514 2.326 
VOLUME OF rNOLITHS 3.700 VOLUME OF XENOLITHS 5.957 
NUMBER 30 30 NUMBER I 30 30 
Axial Ratio Axial Ratio 
MEAN ARITHMETIC 2.992 2.068 MEAN ARITHMETIC 2.746 3.045 
HARMONIC MEAN 2.268 1.896 HARMONIC MEAN 2.373 2.628 
GEOMETRIC MEAN 2.546 2.010 GEOMETRIC MEAN 2.559 2.853 
STANDARD DEVIATION 2.500 0.489 STANDARD DEVIATION 1.361 1.167 
SMALLEST 1.20588235 1.04761905 SMALLEST 1.46153846 1.54545455 
LARGEST 14.2857143 3.250 LARGEST 9.0625 5.727 
K VALUE -0.21871742 KVALUE 0.11768523 
wlog 1.073S9702 0.49167997 wlog 0.79243777 0.56889163 
LOCALITY L7 LOCALITY L3 
PLUTON G2 PLUTON G3 
horizontal vertical horizontal vertical 
NUMBER v z VIZ X z XIZ NUMBER v z VIZ X z XIZ 
I 3 1.9 1.579 5.5 4 1.375 I 0.9 0.8 1.125 3.7 2.8 1.321 
2 6 2.9 2.069 8 4.8 1.667 2 7 5.7 1.228 3.6 2.6 1.385 
3 7 3.2 2.188 14 6.5 2.154 3 4.6 3.3 1.394 1.7 1.2 1.417 
4 2.5 I 2.500 2.6 1.2 2.167 4 1.7 1.1 1.545 2.6 1.8 1.444 
5 2.4 0.9 2.667 9 4 2.250 5 2.2 1.4 1.571 4.2 2.8 1.500 
6 2.7 1 2.700 1.6 0.7 2.286 6 1.8 1.1 1.636 2.5 1.6 1.563 
7 3 1.1 2.727 17 7.4 2.297 7 4.6 2.6 1.769 3.8 2.4 1.583 
8 4.1 1.5 2.733 12 5.2 2.30B 8 4 2.2 1.818 1.8 1.1 1.636 
9 4.4 1.6 2.750 B.6 3.5 2.457 9 7.5 3.9 1.923 4.1 2.4 1.708 
10 14 5 2.BOO 3.6 1.4 2.571 10 7.2 3.7 1.946 1.6 0.9 1.778 
II 6.3 2.2 2.B64 16 6 2.667 II 6.5 3.1 2.097 2.5 1.4 1.7B6 
12 3.8 1.2 3.167 4 1.4 2.BS7 12 B.2 3.8 2.15B 1.5 0.8 l.B75 
13 7 2.2 3.1B2 3 I 3.000 13 5.2 2.4 2.167 6 3.1 1.935 
14 3.5 1.1 3.1B2 9 3 3.000 14 6.B 3.1 2.194 0.8 0.4 2.000 
IS 2.5 0.7 3.571 5.6 l.B 3.111 15 5.6 2.5 2.240 0.6 0.3 2.000 
16 7.6 2.1 3.619 3 1.5 3.250 16 4.B 2.1 2.2B6 1.8 0.9 2.000 
17 2.5 0.6 4.167 9 2.4 3.750 17 2.1 0.9 2.333 5.1 2.5 2.040 
18 2.1 0.5 4.200 4 I 4.000 IB 2.2 0.9 2.444 3.6 1.7 2.118 
19 4.2 I 4.200 6 1.5 4.000 19 1.4 0.55 2.545 2.9 1.3 2.231 
20 4 0.9 4.444 4.1 1 4.100 20 2.4 0.9 2.667 0.9 0.4 2.250 
21 4 0.9 4.444 7 1.6 4.375 21 3.5 1.3 2.692 0.7 0.3 2.333 
22 8 l.B 4.444 16 3.6 4.444 22 4 1.4 2.857 4.6 1.9 2.421 
23 IB 4 4.500 8.5 1.9 4.474 23 4.2 1.4 3.000 4.6 1.7 2.706 
24 4.6 I 4.600 4.5 I 4.500 24 4 1.3 3.077 0.6 0.2 3.000 
25 2.7 0.5 5.400 9.5 2 4.750 25 2.2 0.7 3.143 5 1.6 3.125 
26 10.5 1.7 6.176 2.6 0.5 5.200 26 6 l.B 3.333 B.5 0.2 3.250 
27 3.B 0.6 6.333 B.6 1.5 5.733 27 4 1.2 3.333 0.9 0.25 3.600 
2B 7 1.1 6.364 6 I 6.000 28 4.6 1.3 3.53B 3 O.B 3.750 
29 4.5 0.7 6.429 4.5 0.6 7.500 29 1.6 0.4 4.000 1.6 0.4 4.000 
30 2.6 0.4 6.500 3B 5 7.600 30 4.5 I 4.500 1.7 0.3 5.667 
Length av. 3.83B 0.999 5.164 1.493 Lenath av. 2.B44 1.207 1.731 0.647 
AREAS OF XENOLITHS 3.010 6.054 AREAS OF XENOLITHS 2.697 O.B79 
VOLUME OF XENOLITHS 15.489 VOLUME OF rNOLITHS 1.667 
NUMBER I 30 30 NUMBER 30 30 
Axial Ratio Axial Ratio 
MEAN ARITHMETIC 3.BB3 3.661 MEAN ARITHMETIC 2.419 2.314 
HARMONIC MEAN 3.318 3.012 HARMONIC MEAN 2.114 1.99B 
GEOMETRIC MEAN 3.636 3.356 GEOMETRIC MEAN 2.290 2.162 
STANDARD DEVIATION 1.429 1.591 STANDARD DEVIATION O.B14 0.970 
SMALLEST l.S7894737 1.375 SMALLEST 1.125 1.32142857 
LARGEST 6.5 7.600 LARGEST 4.5 5.667 
K VALUE .Q.OB072522 KVALUE .Q.075642B 
wlog 0.6145457 0.742510B9 wlog 0.60205999 0.63228397 
LOCALITY M2 LOCALITY Ml 
PLUTON G2 PLUTON Gl 
hortzontal vertical horizontal vertical 
NUMBER v z VIZ X z XIZ NUMBER v z VIZ X z XIZ 
1 7 3.B l.B42 4 1.9 2.105 I 4.7 2.4 1.958 7 3.5 2.000 
2 3.7 2 l.B50 2.6 1.2 2.167 2 6.B 3 2.267 3.2 1.5 2.133 
3 5.7 3 1.900 2.5 1.1 2.273 3 3.2 1.4 2.2B6 5.5 2.5 2.200 
4 4.6 2.4 1.917 1.7 0.7 2.429 4 15 6.1 2.459 2.B 1.1 2.545 
5 6 2.B 2.143 4 1.6 2.500 5 1 0.4 2.500 O.B 0.3 2.667 
6 7 2.9 2.414 5.4 2 2.700 6 2.6 1 2.600 6.5 2.4 2.708 
7 3.9 1.6 2.43B 6.5 2.4 2.708 7 13 5 2.600 2.5 0.9 2.77B 
B 2.2 0.9 2.444 2 0.7 2.857 B 2.4 0.9 2.667 7 2.4 2.917 
9 2.7 1.1 2.455 7.4 2.4 3.0B3 9 6 2.2 2.727 2.4 O.B 3.000 
10 5.5 2.2 2.500 3.4 1.1 3.091 10 10 3.5 2.B57 9 3 3.000 
11 8.5 3.2 2.656 4.6 1.4 3.286 II 9.8 3.4 2.BB2 2.B 0.9 3.111 
12 3 1.1 2.727 10.5 3.1 3.387 12 8 2.6 3.077 1.9 0.6 3.167 
13 B.B 3.2 2.750 14 3.9 3.590 13 7.4 2.3 3.217 O.B 0.25 3.200 
14 3.4 1.2 2.B33 9.5 2.5 3.BOO 14 7 2.1 3.333 5.5 0.9 6.111 
IS 2.6 0.9 2.BB9 2.4 0.6 4.000 IS 2.7 O.B 3.375 3 0.9 3.333 
16 7 2.1 3.333 2.5 0.6 4.167 16 3.9 1.1 3.545 2.6 0.7 3.714 
17 9.5 2.7 3.519 4.7 I 4.700 17 7 1.9 3.684 B.1 2.1 3.B57 
IB 4 1.1 3.636 6.9 1.4 4.929 1B 4.5 1.2 3.750 6.4 1.6 4.000 
19 5.B 1.5 3.B67 5.5 1.1 5.000 19 9 2.4 3.750 7.4 l.B 4.111 
20 3.1 O.B 3.B75 2 0.4 5.000 20 3.4 0.9 3.77B 25 6 4.167 
21 2 0.5 4.000 3.5 0.7 5.000 21 1.9 0.5 3.BOO 5 1.2 4.167 
22 10 2.4 4.167 4.6 0.9 5.111 22 7.7 1.9 4.053 1.7 0.4 4.250 
23 6 1.4 4.2B6 2.2 0.4 5.500 23 4.6 1.1 4.1B2 B.2 1.9 4.316 
24 19.6 4.5 4.356 3.6 0.6 6.000 24 16 3.4 4.706 3.4 0.7 4.857 
25 2.B 0.6 4.667 5 O.B 6.250 25 6.3 1.3 4.B46 4.4 0.9 4.BB9 
26 11 2.3 4.7B3 6.B I 6.BOO 26 5.4 1.1 4.909 16 2.9 5.517 
27 2.5 0.5 5.000 7 I 7.000 27 6 1.2 5.000 3.4 0.6 5.667 
2B 9.5 1.9 5.000 4.5 0.6 7.600 2B 3.2 0.6 5.333 B 1.4 5.714 
29 7 1.2 S.B33 4.7 0.6 7.B33 29 S.B 0.9 6.444 0.9 0.4 7.600 
30 3.5 0.6 S.B33 4 1.6 2.500 30 #DIVIO! 9 I 9.000 
Length av. 4.294 1.270 3.713 0.910 Lenath av. 4.247 1.247 2.933 O.B6B 
AREAS OF XENOLITHS 4.284 2.654 AREAS OF XENOLITHS 4.160 2.000 
VOLUME OF rNOLITHS 7.597 VOLUME OF rNOLITHS 5.663 
NUMBER 30 30 NUMBER 29 30 
Axial Ratio Axial Ratio 
MEAN ARITHMETIC 3.397 4.246 MEAN ARITHMETIC 3.537 4.023 
HARMONIC MEAN 2.950 3.575 HARMONIC MEAN 3.1B2 3.447 
GEOMETRIC MEAN 3.201 3.931 GEOMETRIC MEAN 3.392 3.757 
STANDARD DEVIATION l.IB9 1.701 STANDARD DEVIATION 1.070 1.617 
SMALLEST 1.B4210526 2.10526316 SMALLEST 1.95B33333 2 
LARGEST S.B3333333 7.BOO LARGEST 6.44 9.000 
K VALUE 0.17752BB6 K VALUE 0.069104B6 
wlog 0.50060235 0.56B7BB21 wlog 0.51699925 0.65321251 
LOCALITY N5 LOCALITY M5 
PLUTON G3 PLUTON G2 
horizontal vertical horizontal vertical 
NUMBER y z Y/Z X z X!Z NUMBER y z Y/Z X z X/Z 
I 1.6 1.6 J.IXXJ 1.2 1.2 I.IXXJ I 8.5 5.1 1.667 
2 1.6 1.4 1.143 1.6 1.5 1.067 2 3.9 2.1 1.857 
3 1.8 1.5 1.200 0.7 0.5 1.400 3 6.5 2.6 2.500 
4 0.9 0.7 1.286 2.5 1.7 1.471 4 10.6 4.2 2.524 
5 0.9 0.7 1.286 2.5 1.7 1.471 5 6.7 2.4 2.792 
6 0.8 0.6 1.333 0.9 0.6 1.500 6 5.4 1.9 2.842 
7 2.8 1.9 1.474 6.5 4.2 1.548 7 3.9 1.1 3.545 
8 0.6 0.4 1.500 1.1 0.7 1.571 8 4.4 1.2 3.667 
9 1.4 0.9 1.556 3.8 2.4 1.583 9 4.1 1.1 3.727 
10 1.6 1 1.600 2.8 1.7 1.647 10 5.4 1.3 4.154 
11 1 0.6 1.667 I 0.6 1.667 11 6 1.3 4.615 
12 1 0.6 1.667 1.2 0.7 1.714 12 9 1.9 4.737 
13 0.7 0.4 1.750 2 \.I 1.818 13 6.1 1.2 5.083 
14 0.7 0.4 1.750 1.1 0.6 1.833 14 7.8 1.1 7.091 
15 0.7 0.4 1.750 1.5 0.8 1.875 15 4.5 0.6 7.500 
16 0.9 0.5 \.BOO 4.4 2.3 1.913 16 
17 1.1 0.6 1.833 1.2 0.6 2.1XXJ 17 
18 1.6 0.8 2.1XXJ 1.2 0.6 2.1XXJ 18 
19 0.6 0.3 2.1XXJ 1.7 0.8 2.125 19 
20 0.9 0.4 2.250 2.6 1.2 2.167 20 
21 1.9 0.8 2.375 2.4 1.1 2.182 21 
22 1 0.4 2.500 2 0.9 2.222 22 
23 1.3 0.5 2.600 7.6 3.2 2.375 23 
24 2.4 0.9 2.667 4.1 1.7 2.412 24 
25 2.4 0.9 2.667 1.5 0.6 2.500 25 
26 1.6 0.6 2.667 2 0.8 2.500 26 
27 2.5 0.9 2.778 2.2 0.8 2.750 27 
28 4 1.3 3.077 2 0.7 2.857 28 
29 2.9 0.7 4.143 3.6 1.2 3.1XXJ 29 
30 7 1.5 4.667 3.2 1 3.200 30 
lenqth av. 1.115 0.598 1.681 0.899 Lenath av. 5.636 1.447 #DIV/01 #DIV/0! 
AREAS OF XENOLITHS 0.523 1.186 AREAS OF XENOLITHS 6.407 #DIV/01 
VOLUME OF rNOLITHS 0.882 VOLUME OF rNOLITHS #DIV/01 
NUMBER 30 30 NUMBER 15 30 
Axial Ratto Axial Ratio 
MEAN ARITHMETIC 2.066 1.979 MEAN ARITHMETIC 3.887 O.IXXJ 
HARMONIC MEAN 1.772 1.787 HARMONIC MEAN 3.256 #DIV/01 
GEOMETRIC MEAN 1.928 1.906 GEOMETRIC MEAN 3.557 O.IXXJ 
STANDARD DEVIATION 0.845 0.547 STANDARD DEVIATION 1.719 #DIV/01 
SMALLEST 1 1 SMALLEST 1.66666667 
LARGEST 4.66666667 3.200 LARGEST 7.5 #DIV/01 
K VALUE 0.01537708 KVALUE #DIV/01 
wlog 0.66900678 0.50514998 wlog 0.65321251 #DIV/01 
LOCALITY 03 LOCALITY 02 
PLUTON G3 PLUTON G2? 
horizontal vertical horizontal vertlcat 
NUMBER y z Y/Z X z X/Z NUMBER y z VIZ X z X/Z 
1 7.8 6.7 1.164 3.1 2.2 1.409 1 1 0.8 1.250 2.6 1.1 2.364 
2 6 4.7 1.277 7.2 5 1.440 2 5.7 4 1.425 3.4 1.3 2.615 
3 3.4 2 1.700 3.4 2.1 1.619 3 4.3 2.9 1.483 7 1.1 6.364 
4 3.8 2.2 1.727 2.5 1.5 1.667 4 5.6 3 1.867 
5 4.3 2 2.150 3.6 2.1 1.714 5 2.8 1.5 1.867 
6 2.6 1.2 2.167 4 2.3 1.739 6 3.1 1.5 2.067 
7 2.6 1.2 2.167 2.4 1.2 2.1XXJ 7 5.8 2.8 2.071 
8 1.1 0.5 2.200 8 3.8 2.105 8 1.5 0.7 2.143 
9 8.3 3.7 2.243 4.2 1.9 2.211 9 5.6 2.6 2.154 
10 8.7 3.7 2.351 3.3 \.4 2.357 10 2.7 1.2 2.250 
11 1.9 0.8 2.375 3 1.2 2.500 11 3.4 1.5 2.267 
12 3.4 1.4 2.429 3.3 1.3 2.538 12 6.2 2.7 2.296 
13 4 1.6 2.500 8 3 2.667 13 5.2 2 2.600 
14 6 2.4 2.500 4.3 1.6 2.688 14 0.8 0.3 2.667 
15 8.7 3.4 2.559 3 1.1 2.727 15 3.8 1.4 2.714 
16 5.4 2.1 2.571 3.6 1.3 2.769 16 2.8 1 2.800 
17 1.8 0.7 2.571 4 1.4 2.857 17 2.8 1 2.800 
18 3.9 1.4 2.786 2.9 1 2.900 18 5.4 1.9 2.842 
19 3.4 1.2 2.833 3 1 3.1XXJ 19 3.9 1.3 3.1XXJ 
20 8.2 2.8 2.929 2.2 0.7 3.143 20 9.7 3.2 3.031 
21 22 7.5 2.933 5.5 1.7 3.235 21 2.8 0.9 3.111 
22 6 2 3.1XXJ 3.5 1 3.500 22 3.5 1.1 3.182 
23 4.2 1.4 3.1XXJ 6.7 1.9 3.526 23 1.6 0.5 3.200 
24 4.4 1.4 3.143 12 3.4 3.529 24 12 3.6 3.333 
25 1.9 0.6 3.167 5.2 1.4 3.714 25 6 1.6 3.750 
26 3.5 1.1 3.182 9 2.4 3.750 26 4 1 4.1XXJ 
27 7.6 2.3 3.304 4 1 4.1XXJ 27 5.8 1.4 4.143 
28 2.2 0.5 4.400 0.8 0.2 4.1XXJ 28 6.8 1.6 4.250 
29 2.2 0.5 4.400 3 0.7 4.286 29 7.1 1.6 4.438 
30 3.1 0.7 4.429 3.4 0.6 5.667 30 5.5 1.1 5.1XXJ 
Lenoth av. 3.367 1.226 3.254 1.109 Lenoth av. 3.080 1.187 #DIV/01 #DIV/01 
AREAS OF XENOLITHS 3.242 2.833 AREAS OF XENOLITHS 2.871 #DIV/01 
VOLUME OF rNOLITHS 6.360 VOLUME OF XENOLITHS #DIV/01 
NUMBER 30 30 NUMBER I 30 3 
Axial Ratio Axial Ratio 
MEAN ARITHMETIC 2.672 2.842 MEAN ARITHMETIC 2.800 3.781 
HARMONIC MEAN 2.374 2.472 HARMONIC MEAN 2.441 3.117 
GEOMETRIC MEAN 2.557 2.684 GEOMETRIC MEAN 2.651 3.401 
STANDARD DEVIATION 0.791 0.974 STANDARD DEVIATION 0.931 2.240 
SMALLEST 1.1641791 1.40909091 SMALLEST 1.25 2.36363636 
LARGEST 4.42857143 5.667 LARGEST 5 6.360 
K VALUE 0.04644958 K VALUE 0.27387432 
wlog 0.58024385 0.60438865 wlog 0.60205999 0.42987645 
LOCALITY 04 LOCALITY 03 
PLUTON G2/G3 PLUTON G3 
horizontal vertical horiZontal vertical 
NUMBER y z Y/Z X z X/Z NUMBER y z VIZ X z X/Z 
l 4 2.9 1.379 2.9 1.4 2.071 l 7.8 6.7 1.164 3.1 2.2 1.409 
2 9.5 5.8 1.638 3 1.4 2.143 2 6 4.7 1.277 7.2 5 1.440 
3 7 3.9 1.795 3.5 1.6 2.1BB 3 3.4 2 1.700 3.4 2.1 1.619 
4 14.5 7 2.071 6.2 2.7 2.296 4 3.B 2.2 1.727 2.5 1.5 1.667 
5 10 4.B 2.0B3 2.5 l 2.500 5 4.3 2 2.150 3.6 2.1 1.714 
6 7.5 3.4 2.206 II 4.3 2.558 6 2.6 1.2 2.167 4 2.3 1.739 
7 6.4 2.9 2.207 4.3 1.6 2.6B8 7 2.6 1.2 2.167 2.4 1.2 2.000 
8 9 3.9 2.308 3 1.1 2.727 8 1.1 0.5 2.200 8 3.8 2.105 
9 5.4 2.3 2.348 2.6 0.9 2.889 9 8.3 3.7 2.243 4.2 1.9 2.211 
10 5.4 2.2 2.455 7 2.4 2.917 10 8.7 3.7 2.351 3.3 1.4 2.357 
11 4 1.6 2.500 5.4 1.8 3.000 11 1.9 0.8 2.375 3 1.2 2.500 
12 6.4 2.5 2.560 2.8 0.9 3.111 12 3.4 1.4 2.429 3.3 1.3 2.538 
13 3.7 1.4 2.643 5.1 1.6 3.188 13 4 1.6 2.500 8 3 2.667 
14 8.5 3.2 2.656 4.3 1.3 3.308 14 6 2.4 2.500 4.3 1.6 2.688 
15 13.6 4.B 2.833 8 2.4 3.333 15 8.7 3.4 2.559 3 1.1 2.727 
16 2 0.7 2.857 10 2.7 3.704 16 5.4 2.1 2.571 3.6 1.3 2.769 
17 5.5 1.9 2.895 1.9 0.5 3.800 17 1.8 0.7 2.571 4 1.4 2.857 
18 8 2.7 2.963 5.5 1.4 3.929 18 3.9 1.4 2.786 2.9 l 2.900 
19 4.3 1.3 3.308 1.6 0.4 4.000 19 3.4 1.2 2.833 3 l 3.000 
20 2.B O.B 3.500 16 4 4.000 20 8.2 2.8 2.929 2.2 0.7 3.143 
21 5 1.4 3.571 8.5 2.1 4.048 21 22 7.5 2.933 5.5 1.7 3.235 
22 13 3.5 3.714 4.7 1.1 4.273 22 6 2 3.000 3.5 l 3.500 
23 7 1.8 3.889 3.1 0.7 4.429 23 4.2 1.4 3.000 6.7 1.9 3.526 
24 5 1.2 4.167 3.5 0.7 5.000 24 4.4 1.4 3.143 12 3.4 3.529 
25 9.5 2.2 4.318 3.5 l 3.500 25 1.9 0.6 3.167 5.2 1.4 3.714 
26 4.8 1.1 4.364 16 2.8 5.714 26 3.5 1.1 3.182 9 2.4 3.750 
27 3.6 0.8 4.500 4.5 0.7 6.429 27 7.6 2.3 3.304 4 1 4.000 
28 15 3.3 4.545 4.2 0.6 7.000 28 2.2 0.5 4.400 0.8 0.2 4.000 
29 5.5 1.2 4.583 22 3.1 7.097 29 2.2 0.5 4.400 3 0.7 4.286 
30 2.8 0.6 4.667 5 0.7 7.143 30 3.1 0.7 4.429 3.4 0.6 5.667 
Length av. 5.216 1.658 3.788 1.035 Lenath av. 3.367 1.226 3.254 1.109 
AREAS OF XENOLITHS 6.794 3.081 AREAS OF XENOLITHS 3.242 2.833 
VOLUME OF rNOLITHS 10.712 VOLUME OF rNOLITHS 6.360 
NUMBER 30 30 NUMBER 30 30 
Axial Ratio Axfal Ratio 
MEAN ARITHMETIC 3.051 3.833 MEAN ARITHMETIC 2.672 2.B42 
HARMONIC MEAN 2.686 3.309 HARMONIC MEAN 2.374 2.472 
GEOMETRIC MEAN 2.897 3.589 GEOMETRIC MEAN 2.557 2.684 
STANDARD DEVIATION 0.976 1.496 STANDARD DEVIATION 0.791 0.974 
SMALLEST 1.37931034 2.07142857 SMALLEST 1.1641791 1.40909091 
LARGEST 4.66666667 7.143 LARGEST 4.42B57143 5.667 
KVALUE 0.21119607 KVALUE 0.04644958 
wlog 0.52934479 0.537602 wlog 0.58024385 0.60438865 
LOCALITY P2 LOCALITY 05 
PLUTON G2 PLUTON G3 
horizontal vertical horizontal vertical 
NUMBER y z Y/Z X z X!Z NUMBER y z VIZ X z X/Z 
l 3.2 2 1.600 3 2 1.500 1 4 2.6 1.538 7.8 4 1.950 
2 4.4 2.6 1.692 3.4 2.2 1.545 2 3.6 1.9 l.B95 10 4.8 2.083 
3 4.6 2.5 1.840 6.2 3.1 2.000 3 5.4 2.6 2.077 B.5 3.4 2.500 
4 2.7 1.4 1.929 6.8 3.3 2.061 4 1.7 0.8 2.125 3.5 1.4 2.500 
5 5.4 2.7 2.000 4.5 2 2.250 5 5.4 2.3 2.348 5.5 1.9 2.895 
6 2.6 1.3 2.000 3.8 1.6 2.375 6 8 3.4 2.353 7 2.4 2.917 
7 7.6 3.6 2.111 6.2 2.6 2.385 7 4.5 1.9 2.368 6 1.9 3.158 
8 9.8 4.6 2.130 5.2 2.1 2.476 8 3.8 1.6 2.375 3.5 1.1 3.182 
9 3 1.4 2.143 2.3 0.9 2.556 9 6 2.5 2.400 7.3 2.2 3.318 
10 3.5 1.6 2.1B8 13 5 2.600 10 6.2 2.4 2.583 13 3.6 3.611 
11 3.5 1.5 2.333 9.5 3.6 2.639 11 15 5.7 2.632 4.2 1.1 3.818 
12 6.2 2.6 2.3B5 9 3.4 2.647 12 16 6 2.667 4.6 1.2 3.833 
13 3.6 1.5 2.400 1.6 0.6 2.667 13 7.6 2.8 2.714 5 1.3 3.846 
14 19.5 7.7 2.532 1.9 0.7 2.714 14 6 2.2 2.727 9 2.2 4.091 
15 5.5 2.1 2.619 3.1 1.1 2.818 15 5.5 1.9 2.895 4.3 0.8 5.375 
16 6.1 2.3 2.652 5.5 1.9 2.895 16 12.5 4.2 2.976 2B 5 5.600 
17 6 2.2 2.727 2.4 0.8 3.000 17 6 2 3.000 
18 2.2 0.8 2.750 2.7 0.9 3.000 18 7.4 2.4 3.083 
19 6.2 2.1 2.952 13.6 3.9 3.487 19 6.2 1.9 3.263 
20 2.4 0.8 3.000 2.1 0.6 3.500 20 12 3.6 3.333 
21 1.5 0.5 3.000 6 1.7 3.529 21 9.5 2.7 3.519 
22 5.5 1.8 3.056 3.6 l 3.600 22 4.6 1.3 3.538 
23 4.3 1.4 3.071 2.4 0.6 4.000 23 4.7 1.3 3.615 
24 2.8 0.8 3.500 1.7 0.4 4.250 24 3.5 0.9 3.889 
25 9.5 2.7 3.519 4.8 1.1 4.364 25 15.6 4 3.900 
26 3.1 0.8 3.875 10.5 2.3 4.565 26 7.5 1.9 3.947 
27 6.8 1.6 4.250 2.8 0.6 4.667 27 3.4 0.8 4.250 
28 6 1.4 4.286 6.6 1.2 5.500 28 6.6 1.4 4.714 
29 3.1 0.7 4.429 7.7 1.4 5.500 29 14.5 3 4.833 
30 5.8 1.1 5.273 2.7 0.45 6.000 30 4 0.6 6.667 
Length av. 3.893 1.398 3.601 1.109 Lenoth av. 5.353 1.747 6.021 1.779 
AREAS OF XENOLITHS 4.275 3.136 AREAS OF XENOLITHS 7.346 8.413 
VOLUME OF rNOLITHS 8.138 VOLUME OF rNOLITHS 30.020 
NUMBER 30 30 NUMBER 30 16 
Axial Ratio Axial Ratio 
MEAN ARITHMETIC 2.808 3.236 MEAN ARITHMETIC 3.141 3.417 
HARMONIC MEAN 2.511 2.810 HARMONIC MEAN 2.795 3.148 
GEOMETRIC MEAN 2.683 3.048 GEOMETRIC MEAN 2.994 3.279 
STANDARD DEVIATION 0.901 1.164 STANDARD DEVIATION 1.049 1.029 
SMALLEST 1.6 1.5 SMALLEST 1.53846154 1.95 
LARGEST 5.27272727 6.000 LARGEST 6.66666667 5.600 
K VALUE 0.1222418 KVALUE 0.11596569 
wlog 0.51791533 0.60205999 wlog 0.6368221 0.45815342 
LOCALITY P5 LOCALITY P3 
PLUTON G3 PLUTON G3 
horizontal vertical horizontal vertical 
NUMBER y z Y!Z X z X/Z NUMBER y z Y/Z X z X!Z 
I 20 II l.BIB 3.1 2.1 1.476 I 5.9 4.1 1.439 2.6 I 2.600 
2 2.4 1.2 2.000 9.1 6 1.517 2 14.5 10 1.450 1.7 0.6 2.B33 
3 2.4 1.1 2.1B2 3.1 l.B 1.722 3 2.1 1.3 1.615 1.9 0.6 3.167 
4 l.B 0.6 3.000 4.B 2.7 1.77B 4 3.4 2 1.700 
5 6.5 3.6 l.B06 5 2.7 1.4 1.929 
6 2.4 1.2 2.000 6 3.2 1.6 2.000 
7 2.2 I 2.200 7 2.2 1.1 2.000 
B 1.9 0.7 2.714 B 2.3 1.1 2.091 
9 9 17 B 2.125 
10 10 5.3 2.4 2.20B 
II II 3.7 1.6 2.313 
12 12 1.9 O.B 2.375 
13 13 10 4.2 2.3BI 
14 14 4 1.6 2.500 
15 15 2.5 0.9 2.77B 
16 16 l.B 0.6 3.000 
17 17 3.1 I 3.100 
16 16 3.5 1.1 3.1B2 
19 19 7.B 2.1 3.714 
20 20 10 2.6 3.B46 
21 21 1.6 0.4 4.000 
22 22 4.7 1.1 4.273 
23 23 
24 24 
25 25 
26 26 
27 27 
2B 2B 
29 29 
30 30 
length av. 2.7BO 1.143 3.1BI 1.566 Lenoth ov. 3.267 1.25B #DIV/0! #DIV/01 
AREAS OF XENOLITHS 2.495 3.913 AREAS OF XENOLITHS 3.229 #DIV/01 
VOLUME OF rNOUTHS 7.251 VOLUME OF rNOLITHS #DIV/01 
NUMBER 4 B NUMBER 22 3 
Axial Ratio Axial Ratio 
MEAN ARITHMETIC 2.250 1.902 MEAN ARITHMETIC 2.546 2.B67 
HARMONIC MEAN 2.172 l.B36 HARMONIC MEAN 2.309 2.B4B 
GEOMETRIC MEAN 2.209 l.B67 GEOMETRIC MEAN 2.423 2.B57 
STANDARD DEVIATION 0.522 0.404 STANDARD DEVIATION O.B37 0.2B5 
SMALLEST l.BIBIBIB2 1.4761904B SMALLEST 1.43902439 2.6 
LARGEST 3 2.710 LARGEST 4.27 3.170 
K VALUE -0.21647212 K VALUE 0.25091235 
wlog 0.2174B394 0.263B26B9 wlog 0.47235972 O.OB608591 
LOCALITY Ql LOCALITY P7 
PLUTON META-SEDIMENTS PLUTON G3 
horizontal vertical horizontal vertical 
NUMBER y z Y/Z X z X/Z NUMBER y z Y/Z X z X/Z 
I 3 1.5 2.000 I 1.1 1.1 1.000 1.3 1.1 1.162 
2 3 1.2 2.500 2 1.9 1.6 l.IBB 1.1 0.9 1.222 
3 10.5 3.4 3.0BB 3 2.4 2 1.200 0.9 0.7 1.286 
4 5 1.4 3.571 4 0.6 0.5 1.200 3.6 2.5 1.440 
5 5.B 1.6 3.625 5 1.1 0.9 1.222 1.3 0.9 1.444 
6 7 1.6 4.375 6 3.1 2.5 1.240 1.9 1.2 1.583 
7 95 20 4.750 7 0.9 0.7 1.2B6 O.B 0.5 1.600 
B 1.5 0.3 5.000 B 1.5 1.1 1.364 2.3 1.4 1.643 
9 7 1.3 5.3B5 9 0.6 0.4 1.500 I 0.6 1.667 
10 II 2 5.500 10 0.9 0.6 1.500 2 1.2 1.667 
II II l.B 6.111 II 1.5 I 1.500 0.9 0.5 I. BOO 
12 6.B 1.1 6.1B2 12 1.4 0.9 1.556 I 0.5 2.000 
13 9 1.4 6.429 13 3.B 2.4 1.5B3 5 2 2.500 
14 2 0.3 6.667 14 1.5 0.9 1.667 1.1 0.4 2.750 
15 4 0.6 6.667 15 2 1.2 1.667 12 4.2 2.B57 
16 4.4 0.6 7.333 16 3.1 1.7 l.B24 1.6 0.3 5.333 
17 10.5 1.4 7.500 17 2.6 1.4 l.B57 
IB 4.7 0.6 7.B33 IB 1.5 O.B l.B75 
19 4.7 0.6 7.B33 19 5 2.6 1.923 
20 21 2 10.500 20 3.7 1.9 1.947 
21 II I 11.000 21 1.6 O.B 2.000 
22 B.5 0.7 12.143 22 4.1 2 2.050 
23 13 O.B 16.250 23 2.1 I 2.100 
24 5 0.3 16.667 24 3.4 1.6 2.125 
25 25 1.7 0.7 2.429 
26 26 5 2 2.500 
27 27 2.5 I 2.500 
2B 2B 1.4 0.5 2.BOO 
29 29 2.2 0.6 3.667 
30 30 1.5 0.4 3.750 
Lenath av. 5.229 0.620 #DIV/0! #DIV/01 Length ov. 1.594 0.914 1.394 0.741 
AREAS OF XENOLITHS 3.36B #DIV/01 AREAS OF XENOLITHS 1.143 O.BI2 
VOLUME OF rNOLITHS #DIV/01 VOLUME OF rNOUTHS O.B63 
NUMBER 25 30 NUMBER 30 16 
Axlal Ratio Axial Ratio 
MEAN ARITHMETIC 6.756 0.000 MEAN ARITHMETIC l.B67 1.99B 
HARMONIC MEAN 5.577 #DIV/0! HARMONIC MEAN 1.641 1.730 
GEOMETRIC MEAN 5.717 0.000 GEOMETRIC MEAN 1.76B l.B37 
STANDARD DEVIATION 3.656 #DIV/0! STANDARD DEVIATION 0.673 1.026 
SMALLEST 2 #DIV/0! SMALLEST I l.IBIBIBIB 
LARGEST 16.7 #DIV/0! LARGEST 3.75 5.330 
K VALUE #DIV/01 K VALUE 0.10669565 
wlog 0.9216664B #DIV/0! wlog 0.57403127 0.65417654 
LOCALITY Q6 LOCALITY Q2 
PLUTON G2 PLUTON Gl 
horiZontal vertical horizontal vertical 
NUMBER y z Y/Z X z X/Z NUMBER y z Y/Z X z X/Z 
I 3.8 3.4 1.118 2.3 0.6 3.833 I 1.6 0.5 3.200 
2 1.4 1.1 1.273 2.9 0.4 7.250 2 2.4 0.6 4.000 
3 2.6 1.9 1.368 3 2.8 0.7 4.000 
4 2.2 1.6 1.375 4 3.5 0.8 4.375 
5 2 1.4 1.429 5 5.7 1.3 4.385 
6 6.8 4.6 1.478 6 5.5 1.2 4.5B3 
7 0.9 0.6 1.500 7 1.9 0.4 4.750 
8 2.7 1.8 1.500 8 3 0.6 5.000 
9 2.6 1.7 1.529 9 3 0.6 5.000 
10 3.7 2.4 1.542 10 4.7 0.9 5.222 
II 3.3 2.1 1.571 II 4.B 0.9 5.333 
12 8.6 5.3 1.623 12 II 2 5.500 
13 2.6 1.5 1.733 13 4.2 0.7 6.000 
14 4.5 2.4 1.875 14 12 1.9 6.316 
15 5 2.6 1.923 15 2.6 0.4 6.500 
16 2.7 1.4 1.929 16 7.3 1.1 6.636 
17 2.4 1.2 2.000 17 2 0.3 6.667 
IB 2 I 2.000 18 4 0.6 6.667 
19 2 I 2.000 19 3 0.4 7.500 
20 2 I 2.000 20 B 0.9 B.BB9 
21 2.5 1.2 2.083 21 3 0.3 10.000 
22 2. I I 2.100 22 4 0.4 10.000 
23 2 0.9 2.222 23 2.2 0.2 11.000 
24 3.5 1.4 2.500 24 B.4 0.7 12.000 
25 4.6 l.B 2.556 25 5.4 0.4 13.500 
26 10 3.B 2.632 26 4.4 0.3 14.667 
27 1.1 0.4 2.750 27 6 0.4 15.000 
28 1.7 0.6 2.B33 28 2.4 0.15 16.000 
29 10.7 3.4 3.147 29 6 0.3 20.000 
30 3 0.9 3.333 30 4.5 0.2 22.500 
length av. 2.397 1.237 #DIV/0! #DIV/01 Length av. 3.459 0.437 #DIV/01 #DIV/01 
AREAS OF XENOLITHS 2.329 #DIV/0! AREAS OF XENOLITHS 1.189 #DIV/01 
VOLUME OF rNOLITHS #DIV/01 VOLUME OF rNOLITHS #DIV/0! 
NUMBER 30 2 NUMBER 30 30 
Axial Ratio Axial Ratio 
MEAN ARITHMETIC 1.964 5.542 MEAN ARITHMETIC 8.506 0.000 
HARMONIC MEAN 1.779 5.015 HARMONIC MEAN 6.441 #DIV/01 
GEOMETRIC MEAN 1.890 5.272 GEOMETRIC MEAN 7.384 0.000 
STANDARD DEVIATION 0.569 2.416 STANDARD DEVIATION 5.001 #DIV/01 
SMALLEST 1.11764706 3.83333333 SMALLEST 3.2 #DIV/01 
LARGEST 3.33333333 7.250 LARGEST 22.5 #DIV/01 
K VALUE 1.799309 KVALUE #DIV/01 
wlog 0.47457407 0.27676142 wlog O.B4703254 #DIV/0! 
LOCALITY R2 LOCALITY Rl 
PLUTON G3 PLUTON G2 
hortzontat vertical hortzontal vertical 
NUMBER y z Y/Z X z X/Z NUMBER y z Y/Z X z X/Z 
I 2.6 1.9 1.368 I 2.B 2.1 1.333 3 l.B 1.667 
2 3 l.B 1.667 2 2.4 1.5 1.600 4 2.1 1.905 
3 8 4.8 1.667 3 2.2 1.3 1.692 3.6 1.8 2.000 
4 2 I 2.000 4 5 2.6 1.923 3.7 1.5 2.467 
5 1.5 0.7 2.143 5 1.2 0.6 2.000 6 2.3 2.609 
6 5.7 2.6 2.192 6 28 12.5 2.240 5.5 2.1 2.619 
7 2.5 1.1 2.273 7 3.6 1.5 2.400 2.1 O.B 2.625 
B 2.1 0.9 2.333 B 5.7 2.2 2.591 B 3 2.667 
9 1.4 0.6 2.333 9 1.4 0.5 2.BOO 4.1 1.3 3.154 
10 10 3.B 2.632 10 4.2 1.4 3.000 6.7 2.1 3.190 
II B.5 3.1 2.742 II 4 1.3 3.077 4 1.2 3.333 
12 2.2 O.B 2.750 12 2.B 0.9 3. Ill 4.2 1.2 3.500 
13 1.2 0.4 3.000 13 2 0.6 3.333 1.5 0.4 3.750 
14 3 O.B 3.750 14 1.4 0.4 3.500 4 I 4.000 
15 2 0.5 4.000 15 1.4 0.4 3.500 1.2 0.3 4.000 
16 7.2 1.7 4.235 16 2.1 0.6 3.500 3.2 O.B 4.000 
17 17 2.6 0.7 3.714 1.6 0.4 4.000 
IB IB 1.5 0.4 3.750 3 0.7 4.2B6 
19 19 1.6 0.4 4.000 2.7 0.6 4.500 
20 20 1.6 0.4 4.000 5.3 1.1 4.BIB 
21 21 1.6 0.4 4.000 2 0.4 5.000 
22 22 3 0.7 4.2B6 3 0.6 5.000 
23 23 l.B 0.4 4.500 1.6 0.3 5.333 
24 24 1.5 0.3 5.000 1.2 0.2 6.000 
25 25 2.6 0.5 5.200 
26 26 7.5 1.4 5.357 
27 27 1.9 0.3 6.333 
2B 2B 2.7 0.4 6.750 
29 29 5 0.6 B.333 
30 30 2.7 0.3 9.000 
Length av. 2.559 1.002 #DIV/0! #DIV/01 Length av. 2.173 0.56B 2.607 0.659 
AREAS OF XENOLITHS 2.014 #DIV/0! AREAS OF XENOLITHS 0.969 1.350 
VOLUME OF XENOLITHS #DIV/01 VOLUME OF XENOLITHS 1.955 
NUMBER I 16 30 NUMBER I 30 24 
Axial Ratio Axial Ratio 
MEAN ARITHMETIC 2.56B 0.000 MEAN ARITHMETIC 3.B61 3.601 
HARMONIC MEAN 2.337 #DIV/0! HARMONIC MEAN 3.065 3.150 
GEOMETRIC MEAN 2.449 0.000 GEOMETRIC MEAN 3.476 3.414 
STANDARD DEVIATION O.B32 #DIV/0! STANDARD DEVIATION l.B61 1.157 
SMALLEST 1.36842105 #DIV/0! SMALLEST 1.33333333 1.66666667 
LARGEST 4.24 #DIV/0! LARGEST 9 6.000 
K VALUE #DIV/01 K VALUE 0.0243B25 
wrog 0.49114611 #DIV/0! wlog O.B2930377 0.5563025 
LOCAUTY 52 LOCAUTY R7 
PLUTON G3 PLUTON G3 
horizontal vertical horizontal vertical 
NUMBER y z Y/Z X z X/Z NUMBER y z Y/Z X z X/Z 
I 1.1 0.6 1.833 1.2 0.6 2.000 I 3.5 2.5 1.400 3 1.7 1.765 
2 2.3 1.2 1.917 1.4 0.7 2.000 2 1.8 I 1.800 4.5 2.4 1.875 
3 1.6 0.8 2.000 1.2 0.6 2.000 3 2.2 1.1 2.000 2.7 l.3 2.077 
4 1.4 0.7 2.000 2.4 1.1 2.182 4 2.7 1.3 2.077 1.7 0.8 2.125 
5 1.5 0.7 2.143 1.9 0.8 2.375 5 4 1.9 2.105 2.4 1.1 2.182 
6 2.1 0.9 2.333 1.8 0.7 2.571 6 6.8 3.2 2.125 12 5.4 2.222 
7 2.1 0.9 2.333 1.1 0.4 2.750 7 1.1 0.5 2.200 3.2 1.4 2.286 
8 5.4 2.3 2.348 1.4 0.5 2.800 8 2 0.9 2.222 3 l.3 2.308 
9 1.2 0.5 2.400 2.2 0.7 3.143 9 0.9 0.4 2.250 2 0.8 2.500 
10 2.6 I 2.600 1.3 0.4 3.250 10 2.5 1.1 2.273 2.3 0.9 2.556 
II 1.6 0.6 2.667 1.3 0.4 3.250 II 7 3 2.333 6.4 2.5 2.560 
12 1.1 0.4 2.750 I 0.3 3.333 12 4 1.7 2.353 5.6 2.1 2.667 
13 1.7 0.6 2.833 1.7 0.4 4.250 13 2.9 1.2 2.417 6.5 2.4 2.708 
14 2.9 I 2.900 1.8 0.4 4.500 14 4.4 1.7 2.588 14 5 2.800 
15 1.3 0.4 3.250 15 14 5.3 2.642 2.3 0.8 2.875 
16 3.1 0.9 3.444 16 5.7 2.1 2.714 5.5 1.8 3.056 
17 1.4 0.4 3.500 17 2.2 0.8 2.750 5 1.6 3.125 
18 4 1.1 3.636 18 4.4 1.6 2.750 1.6 0.5 3.200 
19 2.6 0.7 3.714 19 1.4 0.5 2.800 6 1.8 3.333 
20 1.5 0.4 3.750 20 2 0.7 2.857 I 0.3 3.333 
21 1.5 0.4 3.750 21 11.4 3.6 3.167 1.7 0.5 3.400 
22 1.6 0.4 4.000 22 1.5 0.4 3.750 2.9 0.8 3.625 
23 2 0.5 4.000 23 29 7.5 3.867 1.1 0.3 3.667 
24 2.8 0.7 4.000 24 2.8 0.7 4.000 1.1 0.3 3.667 
25 1.2 0.3 4.000 25 1.6 0.4 4.000 2.6 0.7 3.714 
26 2.5 0.6 4.167 26 3 0.7 4.286 1.9 0.5 3.800 
27 2.1 0.5 4.200 27 2.8 0.6 4.667 5.6 1.4 4.000 
28 2.6 0.6 4.333 28 2.8 0.6 4.667 1.3 0.3 4.333 
29 4 0.9 4.444 29 7.6 1.6 4.750 1.8 0.4 4.500 
30 4 0.4 10.000 30 15.5 3 5.167 2.2 0.4 5.500 
Lenath av. 1.828 0.575 1.452 0.507 Lenath av. 2.538 0.901 2.390 0.737 
AREAS OF XENOLITHS 0.826 0.578 AREAS OF XENOLITHS 1.795 1.383 
VOLUME OF rNOLITHS 0.705 VOLUME OF rNOLITHS 2.340 
NUMBER 30 14 NUMBER 30 30 
Axial Ratio Axial Ratio 
MEAN ARITHMETIC 3.375 2.886 MEAN ARITHMETIC 2.966 3.059 
HARMONIC MEAN 2.913 2.703 HARMONIC MEAN 2.614 2.771 
GEOMETRIC MEAN 3.155 2.791 GEOMETRIC MEAN 2.811 2.947 
STANDARD DEVIATION 1.501 0.796 STANDARD DEVIA liON 1.014 0.863 
SMALLEST 1.83333333 2 SMALLEST 1.4 1.76470588 
LARGEST 10 4.500 LARGEST 5.16666667 5.500 
K VALUE -0.07001337 K VALUE 0.06073469 
wlog 0.73675B57 0.35218252 wlog 0.56708241 0.49369036 
U2 LOCAUTY S6 
PLUTON G3 LOCAUTY PLUTON G3 
horizontal vertical horizontal vertical 
NUMBER y z Y/Z X z X/Z NUMBER y z Y/Z X z X/Z 
I 1.2 0.8 1.500 0.7 0.6 1.167 I 2.4 1.4 1.714 2.7 2 1.350 
2 1.5 I 1.500 1.1 0.8 1.375 2 1.1 0.6 1.833 0.7 0.5 1.400 
3 0.9 0.6 1.500 2.2 1.2 1.833 3 2.1 1.1 1.909 0.7 0.4 1.750 
4 3.1 2 1.550 1.2 0.6 2.000 4 1.5 0.7 2.143 1.6 0.8 2.000 
5 2.5 1.5 1.667 1.5 0.7 2.143 5 3 1.4 2.143 1.4 0.7 2.000 
6 1.6 0.9 1.778 0.9 0.4 2.250 6 3 1.4 2.143 0.7 0.3 2.333 
7 0.9 0.5 1.800 2.1 0.9 2.333 7 2.6 1.2 2.167 4 1.6 2.500 
8 1.1 0.6 1.833 1.2 0.5 2.400 8 3.1 1.4 2.214 2.6 I 2.600 
9 7.6 4.1 1.854 1.2 0.5 2.400 9 2.1 0.9 2.333 1.6 0.6 2.667 
10 1.6 0.8 2.000 10 1.7 0.7 2.429 6 2 3.000 
II 0.8 0.4 2.000 II I 0.4 2.500 3.1 I 3.100 
12 1.2 0.6 2.000 12 2.1 0.8 2.625 5.6 1.6 3.500 
13 1.8 0.9 2.000 13 1.6 0.6 2.667 2.2 0.6 3.667 
14 2.1 I 2.100 14 1.6 0.6 2.667 2.2 0.5 4.400 
15 1.9 0.9 2.111 15 1.6 0.6 2.667 9.7 2.2 4.409 
16 1.7 0.8 2.125 16 2.2 0.8 2.750 3 0.6 5.000 
17 1.5 0.7 2.143 17 2.5 0.9 2.778 2.6 0.4 6.500 
18 1.1 0.5 2.200 18 2.5 0.9 2.778 
19 2.5 1.1 2.273 19 1.7 0.6 2.833 
20 5.6 2.4 2.333 20 8.5 3 2.833 
21 1.2 0.5 2.400 21 1.5 0.5 3.000 
22 I 0.4 2.500 22 1.5 0.5 3.000 
23 1.2 0.4 3.000 23 4 1.2 3.333 
24 1.2 0.4 3.000 24 2 0.6 3.333 
25 0.9 0.3 3.000 25 1.7 0.5 3.400 
26 1.5 0.5 3.000 26 1.4 0.4 3.500 
27 2.1 0.6 3.500 27 2.5 0.7 3.571 
28 1.2 0.3 4.000 28 
29 1.7 0.4 4.250 29 
30 II 2.5 4.400 30 
Lenath ov. 1.443 0.620 1.193 0.623 Lenath ov. 1.850 0.700 1.761 0.688 
AREAS OF XENOLITHS 0.703 0.583 AREAS OF XENOLITHS 1.018 0.951 
VOLUME OF rNOLITHS 0.561 VOLUME OF XENOLITHS 1.173 
NUMBER 30 9 NUMBER I 27 17 
Axial Ratio Axial Ratio 
MEAN ARITHMETIC 2.377 1.989 MEAN ARITHMETIC 2.639 3.069 
HARMONIC MEAN 2.122 1.874 HARMONIC MEAN 2.471 2.561 
GEOMETRIC MEAN 2.266 1.935 GEOMETRIC MEAN 2.590 2.801 
STANDARD DEVIATION 0.803 0.451 STANDARD DEVIATION 0.514 1.384 
SMALLEST 1.5 1.16666667 SMALLEST 1.71428571 1.35 
LARGEST 4.4 2.400 LARGEST 3.57 6.500 
K VALUE -0.16509369 K VALUE 0.03986907 
wlog 0.46736142 0.31326445 wlog 0.31858501 0.68257959 
Appendix3 
Fry (1979) raw data tor each phenocryst type. number of points. a qualitative estimate of 'tif. average and standard error. 
THIN = tracing from thin section BlOT= biotite MAFS =Identifiable malic phases (dominantly biotite) 
SLAB = tracing from polished slab FELD = plagioclase feldspar QTZ = quar1z 
FELD2 = K-feldspar 
Locallt, Phenocryst Type Number of ooints Frvstrain Comment AVERAGE ERROR 
AOH BlOT THIN 54 4.48 POOR 3.20 0.80 
AOH FELD SLAB 55 2.49 OK 
AOH FELD THIN 107 3.43 OK 
AOH FELD2 THIN 47 3.56 
AOH MAFS SlAB 71 2.33 OK 
AOH QTZ THIN 63 2.92 OK 
AOV BlOT THIN 66 2.57 GOOD 2.74 0.43 
AOV FELD SLAB 55 2.27 OK 
AOV FELD THIN 114 2.75 GOOD 
AOV MAFS SLAB 62 2.66 POOR 
AOV QTZ THIN 51 3.43 OK 
A2H BlOT THIN 53 2.01 POOR 2.99 0.58 
A2H FELD THIN 37 2.84 GOOD 
A2H FELD2 THIN 69 
A2H QTZ THIN 70 3.13 GOOD 
A2V BlOT THIN 72 3.65 OK 3.36 0.31 
A2V FELD THIN 40 3.04 V.POOR 
A2V FELD2 THIN 93 1.15 OK? 
A2V QTZ THIN 79 3.38 OK 
B1H BlOT THIN 66 2.26 GOOD 2.26 0.22 
B1H FELD THIN 65 2.46 GOOD 
B1H FELD2 THIN 51 2.07 OK 
B1H QTZ THIN 51 1.96 POOR 
B1V BlOT THIN 80 2.31 POOR 2.44 0.13 
B1V FELD THIN 72 2.44 GOOD 
B1V FELD2 THIN 55 V.POOR 
B1V QTZ THIN 61 2.57 OK 
B5H BlOT THIN 73 2.14 POOR 2.37 0.17 
B5H FELD THIN 118 2.39 GOOD 
B5H FELD2 THIN 54 2.03 POOR 
B5H QTZ THIN 54 2.34 OK 
B5V BlOT THIN 76 1.95 OK 2.04 0.16 
B5V FELD THIN 103 2.02 GOOD 
B5V FELD2 THIN 51 1.92 OK 
B5v· QTZ THIN 63 2.27 OK 
B6H BlOT THIN 74 2.35 OK 2.58 0.37 
B6H FELD THIN 86 2.38 OK 
B6H QTZ THIN 63 3.00 OK 
B6V BlOT THIN 67 2.68 POOR 2.53 0.61 
B6V FELD THIN 77 2.53 GOOD 
B6V FELD2 THIN 21 
B6V QTZ THIN 47 1.56 POOR 
C1H BlOT THIN 66 2.18 OK 2.35 0.36 
C1H FELD THIN 48 2.38 OK 
C1H FELD2 THIN 73 1.67 POOR 
C1H QTZ THIN 86 2.49 OK 
C1V BlOT THIN 47 1.73 POOR 2.03 0.38 
C1V FELD THIN 50 2.19 POOR 
C1V FELD2 THIN 74 2.50 
C1V QTZ THIN 67 1.71 OK 
C3H BlOT THIN 42 2.03 OK 2.49 0.37 
C3H FELD THIN 89 2.93 OK 
C3H FELD2 THIN 28 2.50 POOR 
C3H QTZ THIN 58 2.50 POOR 
C3V BlOT THIN 70 2.49 GOOD 2.44 0.35 
C3V FELD THIN 75 2.37 OK 
C3V FELD2 THIN 23 2.03 V.V. POOR 
C3V QTZ THIN 84 2.87 OK 
C4H BlOT THIN 73 1.89 OK 2.45 0.48 
C4H FELD THIN 70 2.85 GOOD 
C4H FELD2 THIN 42 2.20 OK 
C4H QTZ THIN 74 2.84 GOOD 
C4V BlOT THIN 85 1.99 V.POOR 2.75 0.69 
C4V FELD2 THIN 65 
C4V QTZ THIN 91 2.94 
C4V FELD THIN 42 3.32 GOOD 
C6H FELD SLAB 43 2.43 OK 2.43 0.43 
C6H MAFS SLAB 45 1.82 POOR 
C6V FELD SLAB 39 3.00 POOR 2.66 0.24 
C6V MAFS SlAB 37 2.66 OK 
C7H BlOT THIN 82 1.92 OK 2.43 0.49 
C7H FELD THIN 59 2.11 GOOD 
C7H FELD SlAB 52 1.62 POOR 
C7H FELD2 THIN 75 2.70 OK 
C7H MAFS SLAB 56 2.55 OK 
C7H QTZ THIN 97 2.86 OK 
ClV BlOT THIN 45 2.67 POOR 2.41 0.42 
C7V FELD THIN 62 2.49 OK 
Localit, Phenocryst Type Number of points Fry strain Comment AVERAGE ERROR 
C7V FELD SLAB 32 2.18 POOR 
C7V FELD2 THIN 81 2.07 OK 
C7V MAFS SLAB 44 2.17 GOOD 
C7V QTZ THIN 87 3.19 OK 
D1H BlOT THIN 55 1.68 OK 2.06 0.32 
D1H FELD SLAB 62 2.64 POOR 
D1H FELD THIN 106 1.87 GOOD 
D1H FELD2 THIN 85 2.00 OK 
D1H MAFS SLAB 62 2.10 V.POOR 
D1H QTZ THIN 63 2.07 OK 
D1V BlOT THIN 79 1.84 OK 1.91 0.43 
D1V FELD SLAB 47 2.31 POOR 
D1V FELD THIN 89 1.16 POOR 
D1V FELD2 THIN 64 2.06 POOR 
D1V MAFS SLAB 50 1.61 OK 
D1V QTZ THIN 62 1.49 V.POOR 
D1V QTZ THIN 68 2.27 OK 
D4H BlOT THIN 43 1.41 V.POOR 1.60 0.82 
D4H FELD THIN 96 1.60 OK 
D4H FELD2 THIN 18 2.91 POOR 
D4V BlOT THIN 51 1.37 POOR 1.43 0.12 
D4V FELD THIN 68 1.57 OK 
D4V FELD2 THIN 21 1.35 POOR 
D4V QTZ THIN 39 3? POOR 
ElV FELD SLAB 58 2.04 OK 2.23 0.26 
E1V MAFS SLAB 55 2.41 OK 
E5H BlOT THIN 75 2.54 OK 2.30 0.25 
E5H FELD THIN 93 2.05 OK 
E5H FELD2 THIN 
E5H QTZ THIN 53 2.31 POOR 
E5V BlOT THIN 92 1.81 OK 1.83 0.34 
E5V FELD THIN 50 1.50 POOR 
E5V QTZ THIN 73 2.18 POOR 
E7H BlOT THIN 87 2.57 OK 2.43 0.66 
E7H FELD THIN 32 1.49 POOR 
E7H FELD2 THIN 65 2.58 POOR 
E7H QTZ THIN 88 3.06 OK 
E7V BlOT THIN 51 2.21 OK 2.31 0.51 
E7V FELD THIN 34 1.85 OK 
E7V FELD2 THIN 38 2.86 OK 
E7V QTZ THIN 73 1.00 OK 
F1H BlOT THIN 60 1.81 POOR 1.86 O.D7 
F1H FELD THIN 51 1.91 OK 
F1H QTZ THIN 64 3.65? POOR 
F1V BlOT THIN 65 2.04 OK 2.00 0.04 
F1V FELD THIN 37 1.96 OK 
F1V FELD2 THIN 30 V.V.POOR 
F1V QTZ THIN 59 2.00 OK 
G2H BlOT THIN 56 1.65 POOR 1.55 
G2H FELD THIN 37 1.45 POOR 
G2V BlOT THIN 54 1.90 OK 2.19 
G2V FELD THIN 26 2.48 OK 
G4H BlOT THIN 64 2.14 POOR 2.01 
G4H FELD THIN 68 1.87 OK 
G4V BlOT THIN 61 1.84 POOR 2.09 
G4V FELD THIN 74 2.33 OK 
G5H BlOT THIN 79 1.62 POOR 2.16 
G5H FELD THIN 60 2.69 GOOD 
G5V BlOT THIN 59 3.21 GOOD 2.98 
G5V FELD THIN 61 2.74 GOOD 
H3H BlOT THIN 20 2.51 POOR 2.56 0.38 
H3H BlOT THIN 59 1.73 POOR 
H3H FELD THIN 31 2.38 POOR 
H3H FELD THIN 38 2.58 OK 
H3H FELD2 THIN 42 2.50 OK 
H3H QTZ THIN 78 1.79 
H3H QTZ THIN 77 2.60 GOOD 
H3V BlOT THIN 50 2.41 OK 2.82 0.72 
H3V BlOT THIN 59 3.64 OK 
H3V FELD THIN 47 3.84 OK 
H3V FELD THIN 60 1.95 POOR 
H3V FELD2 THIN 25 2.10 POOR 
H3V FELD2 THIN 54 2.42 GOOD 
H3V QTZ THIN 73 2.10 OK 
H3V QTZ THIN 66 2.50 OK 
H5H BlOT THIN 58 1.64 OK 2.09 0.26 
H5H FELD THIN 77 2.27 GOOD 
H5H FELD2 THIN 50 1.96 OK 
H5H QTZ THIN 42 2.00 POOR 
H5V BlOT THIN 58 2.59 V.POOR 2.04 0.51 
H5V FELD THIN 92 1.79 GOOD 
H5V FELD2 THIN 29 3.00 POOR 
H5V QTZ THIN 44 2.29 OK 
H6H BlOT THIN 73 1.81 GOOD 2.32 0.34 
H6H FELD SLAB 60 2.22 POOR 
Localit, Phenocryst Tvpe Number of Points Frv strain Comment AVERAGE ERROR 
H6H FELD THIN 79 2.63 OK 
H6H FELD2 THIN 52 2.60 OK 
H6H MAFS SLAB 66 2.25 OK 
H6H QTZ THIN 72 1.93 POOR 
H6V BlOT THIN 77 2.61 POOR 2.80 0.63 
H6V FELD SLAB 38 
H6V FELD THIN 64 3.32 OK 
H6V FELD2 THIN 43 3.46 OK 
H6V MAFS SLAB 50 2.47 OK 
H6V QTZ THIN 66 1.94 OK 
15H BlOT THIN 73 1.30 1.94 0.57 
15H FELD THIN 65 2.15 
15H FELD2 THIN 15 POOR 
15H QTZ THIN 65 2.38 
15V BlOT THIN 58 1.00 2.22 0.31 
15V FELD THIN 38 2.44 
15V FELD2 THIN 
15V QTZ THIN 52 2.00 
J3H BlOT THIN 56 2.08 OK 2.27 0.29 
J3H FELD THIN 60 2.60 GOOD 
J3H QTZ THIN 50 2.12 POOR 
J3V BlOT THIN 40 1.44 V.POOR 1.67 0.29 
J3V FELD THIN 62 1.78 OK 
J3V FELD2 THIN 47 1.43 POOR 
J3V QTZ THIN 64 2.02 POOR 
J4H BlOT THIN 58 1.78 0.36 
J4H FELD THIN 26 2.18 OK 
J4H FELD2 THIN 42 1.47 POOR 
J4H QTZ THIN 92 1.68 
J4V BlOT THIN 59 2.51 OK 2.53 0.49 
J4V FELD THIN 11 
J4V FELD2 THIN 27 3.37 POOR 
J4V QTZ THIN 122 2.54 OK 
J5H BlOT THIN 58 2.44 GOOD 2.65 0.54 
J5H BlOT THIN 69 2.36 OK 
J5H FELD THIN 43 2.67 GOOD 
J5H FELD THIN 58 2.34 V.GOOD 
J5H FELD2 THIN 
J5H FELD2 THIN 29 2.37 OK 
J5H QTZ THIN 29 3.72 OK 
J5H QTZ THIN 30 
J5V BlOT THIN 43 3.58 OK 2.90 0.67 
J5V BlOT THIN 44 2.65 OK 
J5V FELD THIN 30 1.79 POOR 
J5V FELD THIN 73 2.19 GOOD 
J5V FELD2 THIN 13 
J5V QTZ THIN 65 3.19 GOOD 
J5V QTZ THIN 24 2.26 POOR 
K4H BlOT THIN 73 1.76 1.82 0.18 
K4H FELD THIN 34 1.63 
K4H FELD SLAB 49 
K4H FELD2 THIN 18 
K4H MAFS SLAB 45 2.06 
K4H QTZ THIN 63 1.82 
K4V BlOT THIN 89 1.67 1.99 0.39 
K4V FELD THIN 50 2.30 
K4V FELD SLAB 37 1.64 
K4V FELD2 THIN 36 7.5? 
K4V MAFS SLAB 39 
K4V QTZ THIN 123 2.35 
LlH BlOT THIN 48 2.75 0.34 
LlH FELD SLAB 37 2.52 OK 
LlH FELD THIN 56 2.98 OK 
LlH FELD2 THIN 19 2.23 POOR 
LlH QTZ THIN 39 2.28 POOR 
LlV BlOT THIN 78 2.48 POOR 2.79 0.67 
LlV FELD THIN 79 2.30 V.GOOD 
L1V FELD2 THIN 38 3.25 POOR 
LlV MAFS SLAB 63 1.70 POOR 
LlV QTZ THIN 95 3.28 OK 
L4H BlOT THIN 55 3.02 GOOD 2.74 0.53 
L4H FELD THIN 33 2.45 OK 
L4H FELD2 THIN 27 3.50 POOR 
L4H QTZ THIN 65 
L4V BlOT THIN 50 3.30 POOR 2.59 0.72 
L4V FELD THIN 55 2.00 POOR 
L4V FELD2 THIN 24 3.12 POOR 
L4V QTZ THIN 90 1.93 
L7H BlOT THIN 73 3.00 POOR 2.61 0.30 
L7H FELD THIN 65 2.32 OK 
L7H FELD2 THIN 30 2.64 V.VPOOR 
L7H QTZ THIN 63 2.90 OK 
L7V BlOT THIN 81 1.81 GOOD 1.79 0.10 
L7V FELD THIN 106 1.76 GOOD 
L7V FELD2 THIN 57 1.80 OK 
Local it\ Phenocrvst Tvoe Number of ooints Frv strain Comment AVERAGE ERROR 
L7V QTZ THIN 71 1.60 POOR 
M6V BlOT THIN 67 2.68 POOR 3.04 0.47 
M6V FELD THIN 41 2.88 OK 
M6V FELD2 THIN 
M6V QTZ THIN 64 3.57 OK 
N3H BlOT THIN 60 2.50 2.38 0.28 
N3H FELD THIN 75 1.97 
N3H FELD2 THIN 44 2.41 
N3H QTZ THIN 41 2.62 
N3V BlOT THIN 41 1.48 1.71 0.45 
N3V FELD THIN 56 2.30 
N3V FELD2 THIN 28 1.25 
N3V QTZ THIN 45 1.79 
02H BlOT THIN 43 3.09 POOR 2.29 0.48 
02H BlOT THIN 74 1.68 POOR 
02H FELD THIN 77 2.30 OK 
02H FELD SLAB 47 2.35 POOR 
02H FELD THIN 73 2.27 OK 
02H FELD2 THIN 13 
02H FELD2 THIN 62 2.09 POOR 
02H QTZ THIN 61 1.88 OK 
02H QTZ SLAB 36 2.71 POOR 
02H QTZ THIN 91 1.60 OK 
02V BlOT THIN 56 2.76 OK 2.39 0.46 
02V BlOT THIN 112 2.35 OK 
02V FELD THIN 23 2.45 OK 
02V FELD SLAB 47 2.00 OK 
02V FELD THIN 81 2.63 OK 
02V FELD2 THIN 41 2.70 POOR 
02V FELD2 THIN 57 2.15 GOOD 
02V QTZ THIN 94 1.19 GOOD 
02V QTZ SLAB 44 2.26 POOR 
02V QTZ THIN 59 2.59 POOR 
04H BlOT THIN 49 1.70 2.05 0.49 
04H FELD THIN 77 2.60 
04H FELD SLAB 118 2.04 POOR 
04H FELD2 THIN 22 1.31 
04H MAFS SLAB 68 2.53 V.POOR 
04H QTZ THIN 36 2.11 
04V BlOT THIN 69 1.80 1.56 0.27 
04V FELD THIN 82 1.24 
04V FELD SLAB 75 1.33 POOR 
04V FELD2 THIN 44 1.60 
04V MAFS SLAB 51 
04V QTZ THIN 83 1.82 
P5H BlOT THIN 59 3.47 2.11 0.81 
P5H FELD THIN 71 2.24 
P5H FELD2 THIN 23 2.57 
P5H QTZ THIN 116 1.51 
P5V BlOT THIN 42 2.02 1.91 0.14 
P5V FELD THIN 107 1.89 
P5V FELD2 THIN 26 1.72 
P5V QTZ THIN 45 2.02 
QlH BlOT THIN 123 2.29 1.92 0.32 
QlH FELD THIN 49 1.69 
QlH FELD2 THIN 
QlH QTZ THIN 113 1.79 
QlV BlOT THIN 83 1.67 1.50 0.16 
QlV FELD THIN 59 1.46 
QlV FELD2 THIN 
QlV QTZ THIN 118 1.36 
Q5H BlOT THIN 37 2.06 V.POOR 2.05 0.10 
Q5H FELD THIN 26 2.14 OK 
Q5H QTZ THIN 105 1.95 OK 
Q5V BlOT THIN 52 1.74 POOR 2.15 0.36 
Q5V FELD THIN 47 2.44 OK 
Q5V QTZ THIN 103 2.26 OK 
S3H BlOT THIN 64 2.12 POOR 1.56 
S3H FELD THIN 86 1.00 GOOD 
S3V BlOT THIN 54 3.33 POOR 1.72 
S3V FELD THIN 69 1.72 OK 
S6H BlOT THIN 52 3.27 POOR 2.36 
S6H FELD THIN 53 2.36 OK 
S6V BlOT THIN 53 2.32 OK 2.07 
S6V FELD THIN 76 1.81 OK 
Appendix 4 
Country rock shortening data of D. Hutton (unpublished) 
Line deflection Fold related 
Distance from 
contact I kr Strain % Shortening 
0.22 13.38 82.26 
0.22 15.58 83.97 
0.22 14.03 82.81 
0.22 1 00.00 95.36 
0.22 
0.25 
0.25 
0.25 
0.38 
0.38 
0.38 
0.43 
0.43 
0.43 
0.43 
0.43 
0.43 
0.44 
0.44 
0.44 
0.50 
0.63 
0.63 
0.63 
0.65 
0.65 
0.65 
0.65 
0.65 
0.66 
0.66 
0.66 
0.75 
0.75 
0.75 
0.83 
0.83 
0.83 
0.83 
0.85 
0.86 
0.86 
0.86 
0.86 
0.87 
0.87 
0.87 
0.87 
1.06 
1.08 
1.08 
1.08 
1.08 
1.09 
1.09 
1.09 
1.09 
1.09 
1.29 
1.29 
1.30 
1.30 
1.30 
1.30 
1.72 
1.72 
1.72 
1.72 
1.72 
1.72 
1.72 
1.72 
1.72 
2.15 
2.15 
2.15 
2.15 
2.15 
2.15 
2.15 
2.15 
2.15 
2.58 
2.58 
15.58 
4.40 
2.91 
1.44 
15.31 
3.55 
3.27 
3.26 
12.93 
4.29 
100.00 
3.06 
7.24 
100.00 
9.43 
8.46 
5.03 
4.83 
4.01 
2.37 
9.67 
1.59 
2.04 
2.67 
6.28 
7.26 
9.44 
7.55 
2.44 
3.89 
4.07 
8.50 
4.76 
4.67 
4.07 
10.42 
1.37 
2.93 
2.20 
3.28 
15.87 
18.60 
7.00 
3.78 
2.06 
1.22 
3.21 
1.97 
1.89 
9.30 
4.04 
2.22 
2.22 
13.36 
1.39 
1.58 
6.61 
5.91 
4.59 
2.30 
2.30 
2.74 
1.67 
1.31 
1.38 
1.79 
5.49 
8.93 
2.40 
1.07 
1.77 
2.74 
4.03 
2.36 
2.29 
2.52 
13.35 
2.15 
1.61 
1.68 
83.97 
62.76 
50.94 
21.58 
83.78 
57.03 
54.61 
54.52 
81.85 
62.12 
95.36 
52.56 
73.28 
95.36 
77.60 
75.91 
65.94 
65.00 
60.38 
43.74 
77.97 
26.59 
37.83 
48.04 
70.62 
73.33 
77.61 
74.01 
44.83 
59.57 
60.77 
75.99 
64.66 
64.21 
60.77 
79.04 
18.77 
51.16 
40.88 
54.70 
84.17 
85.76 
72.67 
58.79 
38.23 
12.46 
54.05 
36.37 
34.58 
77.39 
60.58 
41.24 
41.24 
82.24 
19.71 
26.28 
71.61 
69.41 
63.79 
42.61 
42.61 
48.93 
28.96 
16.47 
19.32 
32.17 
67.87 
76.77 
44.21 
4.41 
31.66 
48.93 
60.51 
43.59 
42.44 
46.00 
82.23 
39.97 
27.20 
29.24 
Distance from contacVkm 
% shortening Strain 
Oawros head to Rosbeg Harbour 
3.91 6.00 1.10 
3.81 5.00 1.08 
3.61 5.00 1.08 
3.59 9.00 1.15 
3.58 5.00 1.08 
3.56 
3.55 
3.53 
3.51 
3.50 
3.49 
3.49 
3.48 
3.46 
3.46 
3.45 
3.45 
3.41 
3.40 
3.40 
3.39 
3.28 
3.26 
3.24 
3.23 
3.21 
3.18 
3.14 
3.14 
3.12 
3.11 
3.10 
2.92 
2.87 
2.85 
2.85 
2.83 
2.83 
2.82 
2.81 
2.75 
2.74 
2.74 
2.74 
2.71 
7.00 
7.00 
2.00 
7.00 
7.00 
8.00 
10.00 
10.00 
12.00 
12.00 
14.00 
5.00 
5.00 
5.00 
10.00 
10.00 
9.00 
5.00 
10.00 
16.00 
10.00 
15.00 
10.00 
27.00 
16.00 
17.00 
9.00 
13.00 
7.00 
2.00 
20.00 
10.00 
20.00 
17.00 
35.00 
3.00 
17.00 
18.00 
14.00 
9.00 
1.12 
1.12 
1.03 
1.12 
1.12 
1.13 
1.17 
1.17 
1.21 
1.21 
1.25 
1.08 
1.08 
1.08 
1.17 
1.17 
1.15 
1.08 
1.17 
1.30 
1.17 
1.28 
1.17 
1.60 
1.30 
1.32 
1.15 
1.23 
1.12 
1.03 
1.40 
1.17 
1.40 
1.32 
1.91 
1.05 
1.32 
1.35 
1.25 
1.15 
Dunmore Head to Portnoo Harbour 
3.55 13.00 1.23 
3.27 
3.04 
2.91 
2.70 
2.48 
2.46 
2.46 
2.44 
2.33 
2.32 
2.31 
2.25 
2.31 
2.25 
2.24 
2.21 
2.18 
2.18 
2.17 
2.16 
2.15 
2.12 
2.09 
2.04 
2.02 
1.90 
1.88 
1.88 
1.88 
11.00 
8.00 
15.00 
13.00 
5.00 
19.00 
23.00 
17.00 
3.00 
18.00 
3.00 
9.00 
3.00 
9.00 
10.00 
4.00 
5.00 
5.00 
22.00 
29.00 
8.00 
13.00 
6.00 
15.00 
10.00 
18.00 
24.00 
33.00 
20.00 
1.19 
1.13 
1.28 
1.23 
1.08 
1.37 
1.48 
1.32 
1.05 
1.35 
1.05 
1.15 
1.05 
1.15 
1.17 
1.06 
1.08 
1.08 
1.45 
1.67 
1.13 
1.23 
1.10 
1.28 
1.17 
1.35 
1.51 
1.82 
1.40 
Andatusite data of Sanderson & Meneilly (1981) 
Distance from contacVkm 
Strain % shortening 
500 1.5 23.69 
500 
150 
150 
1.7 
3.5 
11.5 
Crenulation cleavage 
750m- 2.5km from contact 
%shortening 
20% 
29.80 
56.62 
80.37 
Appendix 5 
Locality Grid References from the Atibaia pluton 
Locality X y Locality X y 
BAl 4275 4145 BNl 4783 4283 
BAlO 4358 3970 BN2 4824 3030 
BAll 4358 3983 BN3 4885 3175 
BA12 4333 3963 BN4 4793 3270 
BA2 4284 4134 BNS 4693 3188 
BA3 4215 4090 BN6 4670 3108 
BA4 4293 4048 BN7 4625 3133 
BAS 4364 4008 BN8 4575 3134 
BA6 4383 3988 BOl 4383 3215 
BA7 4400 4015 B02 4445 3161 
BA8 4423 3998 B03 4470 3193 
BA9 4370 3968 B04 4465 3236 
BBl 4276 3494 BOS 4448 3133 
BB10 4233 3515 BPl 4678 3525 
BB2 4341 3548 BP2 4613 3453 
BB3 4316 3530 BP2X 4618 3470 
BB4 4270 3560 BP2XX 4609 3483 
BBS 4273 3593 BQl 4406 3970 
BB6 4249 3643 BQ2 4405 3973 
BB7 4225 3635 BQ3 4481 3983 
BB8 4196 3640 BQ4 4433 3904 
BB9 4193 3529 BQS 4420 3873 
BCl 4250 3866 BQ6 4385 3825 
BC2 4276 3855 BQ7 4363 3841 
BC3 4300 3826 BQ7 4430 3948 
BC4 4310 3818 BRl 4443 3648 
BCS 4340 3819 BR2 4404 3673 
BC6 4380 3798 BR3 4403 3718 
BDl 4143 4253 BR4 4530 3838 
BD2 4411 4145 BRS 4540 3795 
BD3 4423 4133 BR6 4500 3663 
BD4 4445 4105 BR7 4436 3693 
BDS 4448 4078 BSl 4563 3945 
BEl 4811 3498 BS2 4560 3909 
BE2 4784 3445 BS3 4563 3888 
BE3 4690 3503 BS4 4590 3868 
BE4 4725 3590 BSS 4640 3875 
BES 4765 3583 BS6 4670 3880 
BE6 4785 3600 BTl 4553 3753 
BFl 4891 3121 BT2 4579 3760 
BF2 4809 3108 BT3 4600 3784 
BF3 4725 3086 BT4 4629 3851 
BF4 4803 3170 BTS 4448 3743 
BGl 4735 2963 BUl 4355 3780 
Locality X y Locality X y 
BG2 4638 298S BU3 441S 3568 
BG3 4600 3010 BU4 4430 3S9l 
BG4 4537 2986 BUS 4410 3630 
BGS 4410 2941 BVl 4S78 397S 
BG6 4374 2903 BV2 4354 3740 
BG7 4387 303S BV2 4534 3900 
BHl 4180 2820 BV3 4540 4030 
Bll/1 4323 2810 BV4 4Sl8 405S 
Bll/10 42S3 2923 BVS 454S 4048 
Bll/2 4329 292S BV6 460S 407S 
Bll/3 4314 2928 BV7 4618 4088 
Bll/4 4300 2914 BV8 4643 4133 
Bll/S 4300 2938 BV9 4S7S 4023 
Bll/6 4289 2929 BWl 4500 3600 
Bll/7 4273 2949 BW2 4539 3613 
BJl !l 414S 3028 BW3 4S70 3623 
BJl/2 414S 3058 BW4 4496 355S 
BJl/3 412S 302S BWS 447S 3506 
BJl/4 4128 3051 BW6 4500 3506 
BJ2 4110 3058 BW7 4413 3439 
BJ3 4053 3134 BW8 4430 33SS 
BJ4 4050 3100 BXl 4248 38Sl 
BJS 4028 3046 BX2 4314 3843 
BJ6 3983 3033 BX3 4318 3830 
BKl 4378 366S BX4 4320 380S 
BK2 4361 3690 BXS 4333 379S 
BK3 43S8 3723 BYl 443S 3331 
BK4 43S3 3670 BY2 4461 3293 
BKS 4340 3714 BY3 4S20 3241 
BK6 4361 3698 BY4 4410 323S 
Bll 4160 3383 BYS 43S6 3200 
BLlO 4136 327S BY6 4281 3293 
BL11 409S 3200 BY8 443S 3331 
BL2 4174 3383 BZl 4653 4163 
BL3 4189 3393 BZ2 4663 4213 
BL4 4200 3406 BZ3 462S 4238 
BLS 4279 3366 BZ4 4729 4208 
BL6 4244 3405 BZS 4770 4119 
BL7 4210 33S3 BZ6 4773 3906 
BL8 4160 33SS BZ7 47SS 3933 
BL9 4148 3300 BZ8 4728 3934 
BMl 4S79 4240 BZ9 4781 3876 
BM2 4566 1228 CAl 4400 3728 
BM3 4558 4209 CBl 470S 3878 
BM4 4S23 418S CB2 4706 3916 
BMS 4S78 4170 CB3 4688 3890 
BM6 4550 4131 CB4 4678 3928 
BM7 4533 4113 CBS 4668 389S 
Appendix 6 
Xenolith data from At1baia pluton, SE Brazil 
Data consists of xenolith tong and short cues, this is averaged using standard mean geometric mean ana harmonic mean using Macros. 
LOCALITY CB LOCALITY BU3 LOCALITY BS1,BS2,BS3&8S4 
PLUTON PLUTON PLUTON 
horizontal horizontal horizontal 
NUMBER z YIZ NUMBER z YIZ NUMBER z YIZ 
34 25 1.360 88 53 64 44 1.455 
130 56 2.321 181 68 2.662 35 24 1.458 
60 25 2.400 29.6 9.9 2.990 65 42 1.548 
154 29 5.310 37 12 3.083 59 34 1.735 
Length av. 66.374 30.225 198 61 3.246 37 21 1.762 
AREAS OF XENOLITHS 1575.648 31 6.9 4.493 13.5 7.5 1.800 
VOLUME OF XENOLITHS 33 5.8 5.690 75.7 42 1.802 
NUMBER 4 Length av. 48.173 12.689 57 31 1.839 
MEAN ARITHMETIC 2.848 AREAS OF XENOLITHS 480.090 76 41 1.854 
HARMONIC MEAN 2.259 VOLUME OF XENOLITHS 10 18.2 9.6 1.896 
GEOMETRIC MEAN 2.519 NUMBER 11 80 42 1.905 
STANDARD DEVIATION 1.708 MEAN ARITHMETIC 3.403 12 48 25 1.920 
SMALLEST 1.36 HARMONIC MEAN 2.987 13 139 72 1.931 
LARGEST 5.310 GEOMETRIC MEAN 3.193 14 33 17 1.941 
K VALUE STANDARD DEVIATION 1.310 15 126 64 1.969 
wlog 0.59155561 SMALLEST 1.66 16 44 22 2.000 
LARGEST 5.690 17 30 14.9 2.013 
K VALUE 18 82 40.5 2.025 
wlog 0.53500418 19 100 49 2.041 
20 31 15 2.067 
21 29 13.8 2.101 
22 61 29 2.103 
23 22 10.4 2.115 
24 32 15 2.133 
25 88 41 2.146 
26 106 49 2.163 
27 40 17 2.353 
28 113 47 2.404 
29 34 14 2.429 
30 76 31 2.452 
31 82 33 2.485 
32 180 72 2.500 
33 35 14 2.500 
34 117 46 2.543 
35 13 5.1 2.549 
36 14 5.2 2.692 
37 38 14 2.714 
38 15 5.4 2.778 
39 81 29 2.793 
40 90 32 2.813 
41 30 10.4 2.885 
42 12.7 4.4 2.886 
43 98 33 2.970 
44 84 28 3.000 
45 76 24 3.167 
46 49 15 3.267 
47 27 7.6 3.553 
48 160 44 3.636 
49 198 46 4.304 
50 28 6.5 4.308 
51 58 13.4 4.328 
52 166 38 4.368 
53 35 7.6 4.605 
54 70 15 4.667 
55 65 11.1 5.856 
56 50 7.6 6.579 
57 103 10.9 9.450 
58 73 7.6 9.605 
Length av. 41.819 15.352 
AREAS OF XENOLITHS 504.231 
VOLUME OF XENOLITHS 
NUMBER 58 
MEAN ARITHMETIC 2.917 
HARMONIC MEAN 2.453 
GEOMETRIC MEAN 2.635 
STANDARD DEVIATION 1.642 
SMALLEST 1.455 
LARGEST 9.605 
K VALUE 
wlog 0.81963438 
LOCALITY 803, 804 & 807 
PLUTON 
horizontal 
NUMBER Z YIZ 
38 38 1.000 
10 9.1 1.099 
19 16 1.188 
16 13 1.231 
15 12 1.250 
27 19 1.421 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
23 
30 
27 
59 
53 
19 
9.9 
63 
35 
57 
38 
55 
138 
45 
46 
64 
57 
21 
21 
22.8 
43 
40 
49 
BO 
16 
30 
70 
10.8 
39 
45 
12.6 
38 76 
Length av. 27.091 
AREAS OF XENOLITHS 
VOLUME OF XENOLITHS 
NUMBER 
MEAN ARITHMETIC 
HARMONIC MEAN 
GEOMETRIC MEAN 
STANDARD DEVIATION 
SMALLEST 
LARGEST 
K VALUE 
wlog 
16 
20.8 
18 
37 
33 
11.8 
5.9 
37 
20.5 
31 
20 
28 
70 
22.8 
23 
31 
27 
9.8 
9.6 
10.2 
19 
16 
19.6 
31 
5.9 
10.8 
25 
3.4 
12.2 
14 
3.8 
19 
13.465 
4.000 
0.60205999 
1.438 
1.442 
1.500 
1.595 
1.606 
1.610 
1.678 
1.703 
1.707 
1.839 
1.900 
1.964 
1.971 
1.974 
2.000 
2.065 
2.111 
2.143 
2.188 
2.235 
2.263 
2.500 
2.500 
2.581 
2.712 
2.778 
2.800 
3.176 
3.197 
3.214 
3.316 
4.000 
286.507 
38 
2.076 
1.863 
1.967 
0.702 
LOCALITY BP 
PLUTON 
horizontal 
NUMBER Z YIZ 
38 23 1.652 
40 22 1.818 
111 42 2.643 
61.5 21.5 2.860 
17 5.8 2.931 
66 19 3.474 
Length av. 39.851 
AREAS OF XENOLITHS 
VOLUME OF XENOLITHS 
NUMBER 
MEAN ARITHMETIC 
HARMONIC MEAN 
GEOMETRIC MEAN 
STANDARD DEVIATION 
SMALLEST 
LARGEST 
K VALUE 
wlog 
15.613 
1.652 
3.474 
0.32281977 
488.667 
6 
2.563 
2.388 
2.477 
0.699 
LOCALITY 8K1, 8K2, BK3 & BK4 
PLUTON 
horizontal 
NUMBER Z YIZ 
54 42 1.286 
16.6 12.5 1.328 
14 9.5 1.474 
63.5 43 1.477 
19.7 12.5 1.576 
50 31 1.613 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
10 
22 
22 
84 
18.5 
63 
104 
62 
109 
44.5 
21.5 
65 
32.5 
30.8 
15 
25 
24.5 
17 
129 
9.8 
58 
12.4 
8.2 
49 
129 
9.3 
20.2 
60 
211 
10.2 
22 
84 
41 
45.5 
13 
129 
50.5 
183 
29.5 
19.4 
131 
11.5 
51.5 
35.6 
74 
262 
112 
34 
21.2 
39.5 
225 
Length av. 27.061 
AREAS OF XENOLITHS 
VOLUME OF XENOLITHS 
NUMBER 
MEAN ARITHMETIC 
HARMONIC MEAN 
GEOMETRIC MEAN 
ST ANDAAD OEVIA TION 
SMALLEST 
LARGEST 
K VALUE 
wlog 
6.2 
13,6 
13 
47 
10 
34 
56 
32 
55 
21.5 
10.3 
31 
15.5 
14.5 
6.9 
11.5 
11 
7.4 
56 
4.2 
24.5 
5.2 
3.4 
19.8 
52 
3.6 
7.5 
21.5 
73 
3.5 
7.5 
2B 
13.5 
14.8 
4.2 
40 
15.6 
56 
9 
5.9 
39 
3.3 
14.5 
9 
17,8 
54.5 
21.5 
6.5 
3.9 
5.8 
25.5 
10.479 
1.286 
8.824 
0.83642453 
1.613 
1.618 
1,692 
1.787 
1.850 
1.853 
1.857 
1.938 
1.982 
2.070 
2.087 
2.097 
2.097 
2.124 
2.174 
2.174 
2.227 
2.297 
2.304 
2.333 
2.367 
2.385 
2.412 
2.475 
2.481 
2.583 
2.693 
2.791 
2.890 
2.914 
2.933 
3.000 
3.037 
3.074 
3.095 
3.225 
3.237 
3.268 
3.278 
3.288 
3.359 
3.485 
3,552 
3.956 
4.157 
4.807 
5.209 
5.231 
5.436 
6.810 
8.824 
222.713 
57 
2.828 
2.408 
2.589 
1.376 
LOCALITY 881 
PLUTON 
horizontal 
NUMBER y z YIZ 
7 1.000 
13.5 12 1.125 
23 18 1.278 
52 37 1.405 
15 10 1.500 
27 18 1.500 
10 6.5 1.538 
85 55 1.545 
48 30 1.600 
10 49 30 1.633 
11 45 27 1.667 
12 17 9.5 1.789 
13 21.5 11.6 1.853 
14 70 37.6 1.862 
15 15 1.875 
16 15.5 7.8 1.987 
17 14 2.000 
18 38 19 2.000 
19 43 21 2.048 
20 64 31 2.065 
21 24 11.5 2.087 
22 32 15 2.133 
23 78.6 36 2.183 
24 9.5 4.3 2.209 
25 3.5 2.286 
26 15 6.4 2.344 
27 49 20 2.450 
28 35 14 2.500 
29 19.5 7.6 2.566 
30 36 14 2.571 
31 30 11.5 2.609 
32 48 18 2.667 
33 48 16 3.000 
34 53 17 3.118 
35 11.5 3.6 3.194 
36 80 25 3.200 
37 64 17 3.765 
38 23 5.4 4.259 
length av. 22.235 10.880 
AREAS OF XENOLITHS 189.997 
VOLUME OF XENOLITHS 0.000 
NUMBER 38 
MEAN ARITHMETIC 2.169 
HARMONIC MEAN 1.964 
GEOMETRIC MEAN 2.064 
STANDARD DEVIATION 0.708 
SMALLEST 
LARGEST 4.260 
K VALUE I#DIV/0! 
wlog 0.6294096 
LOCALITY BJ 
PLUTON 
NUMBER Y 
10 
, 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
12 
14 
9.5 
, 
23 
86 
24 
69 
28 
16 
13 
24 
22 
19 
23 
19 
60 
, 
23 
45 
14 
25 
27 
33 
Length av. 18.708 
AREAS OF XENOLITHS 
VOLUME OF XENOLITHS 
NUMBER 
MEAN ARITHMETIC 
HARMONIC MEAN 
GEOMETRIC MEAN 
STANDARD DEVIATION 
SMALLEST 
LARGEST 
K VALUE 
wlog 
horizontal 
Z Y/Z 
9.5 
12 
44 
12 
34 
13.5 
7.5 
, 
10 
8.5 
10 
3.8 
8 
25 
4.5 
8 
15 
4.5 
8 
6.5 
8.167 
1.33 
5.500 
0.61651105 
1.474 
1.583 
1.833 
1.917 
1.955 
2.000 
2.029 
2.074 
2.133 
2.167 
2.182 
2.200 
2.235 
2.300 
2.368 
2.375 
2.400 
2.444 
2.875 
3.000 
3.111 
3.125 
4.154 
5.500 
120.004 
25 
2.431 
2.222 
2.315 
0.874 
LOCALITY Bl 
PLUTON 
NUMBER Y 
10 
, 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 
100 
101 
102 
10 
21 
42 
76 
81 
10 
18 
49 
39 
66 
15 
59 
eo 
29 
17 
26 
14 
23 
46 
10 
20 
40 
73 
37.5 
30 
49 
eo 
36 
28 
28 
10 
32 
93 
11.7 
19 
26 
40 
87 
82 
44 
23 
28 
64 
16 
34 
34 
14.5 
31 
35 
35 
24 
103 
15 
94 
16 
34 
34 
18 
19 
40 
40 
28 
27 
56 
31 
39 
39 
42 
19 
15.5 
36 
40 
, 
46 
10 
46 
73 
35 
172 
54 
50 
50 
44 
40 
140 
13 
64 
77 
15 
15 
12 
43 
28 
28 
39 
20 
37 
24 
, 
, 
, 
horizontal 
Z Y/Z 
10 
19.5 
39 
68 
72 
8.5 
14 
38 
30 
49 
, 
43 
58 
21 
4.3 
12 
18 
9.5 
15 
30 
6.5 
13 
26 
47 
24 
19 
31 
50 
22 
17 
17 
6 
19 
55 
6.8 
, 
15 
23 
50 
47 
25 
13 
15.8 
36 
19 
19 
8 
17 
19 
19 
13 
55 
8 
50 
8.5 
18 
18 
9.5 
10 
21 
21 
14.6 
14 
29 
16 
20 
20 
21.5 
9.6 
7.8 
18 
20 
5.5 
23 
23 
36 
17 
83 
26 
24 
24 
21 
19 
66 
6.1 
30 
36 
5.6 
20 
13 
13 
18 
9.2 
17 
, 
5 
1.077 
1.077 
1.118 
1.125 
1.176 
1.286 
1.289 
1.300 
1.347 
1.364 
1.372 
1.379 
1.381 
1.395 
1.417 
1.444 
1.474 
1.533 
1.533 
1.538 
1.538 
1.538 
1.553 
1.563 
1.579 
1.581 
1.600 
1.636 
1.647 
1.647 
1.667 
1.684 
1.691 
1.721 
1.727 
1.733 
1.739 
1.740 
1.745 
1.760 
1.769 
1.772 
1.778 
1.778 
1.789 
1.789 
1.813 
1.824 
1.842 
1.842 
1.846 
1.873 
1.875 
1.880 
1.882 
1.889 
1.889 
1.895 
1.900 
1.905 
1.905 
1.918 
1.929 
1.931 
1.938 
1.950 
1.950 
1.953 
1.979 
1.987 
2.000 
2.000 
2.000 
2.000 
2.000 
2.000 
2.028 
2.059 
2.072 
2.077 
2.083 
2.083 
2.095 
2.105 
2.121 
2.131 
2.133 
2.139 
2.143 
2.143 
2.143 
2.150 
2.154 
2.154 
2.167 
2.174 
2.176 
2.182 
2.200 
2.200 
2.200 
LOCALITY 8G3 
PLUTON 
NUMBER 
45 
80 
37 
55 
10.5 
25 
32 
56 
27 
10 50 
11 28 
length av. 30.810 
AREAS OF XENOLITHS 
VOLUME OF XENOLITHS 
NUMBER 
MEAN ARITHMETIC 
HARMONIC MEAN 
GEOMETRIC MEAN 
STANDARD DEVIATION 
SMALLEST 
LARGEST 
K VALUE 
wlog 
horizontal 
Z Y/Z 
29 
48 
15 
22 
3.6 
6.6 
8.2 
13 
6 
11 
4.5 
8.625 
1.552 
6.220 
#DIV/0! 
0.60289867 
1.552 
1.667 
2.467 
2.500 
2.917 
3.788 
3.902 
4.308 
4.500 
4.545 
6.222 
208,702 
#VALUE! 
, 
3.488 
2.935 
3.213 
1.413 
103 
104 
105 
106 
107 
108 
109 
110 
111 
112 
113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124 
125 
126 
127 
128 
129 
130 
131 
132 
133 
134 
135 
136 
137 
138 
139 
140 
141 
142 
143 
144 
145 
146 
147 
148 
149 
150 
151 
152 
153 
154 
155 
156 
157 
158 
159 
160 
161 
162 
163 
164 
165 
166 
167 
168 
169 
170 
171 
172 
173 
174 
175 
176 
177 
178 
179 
180 
181 
182 
183 
184 
185 
186 
187 
188 
189 
190 
191 
192 
193 
194 
195 
196 
197 
198 
199 
200 
201 
202 
42 
10 
roo 
41 
24 
16 
71 
58 
35 
42 
108 
26 
71 
19 
31 
18 
72 
29 
17 
32 
32 
16 
170 
72 
120 
24 
10 
161 
81 
127 
51 
54 
62 
15 
22 
71 
25 
16 
eo 
16 
63 
43 
97 
62 
23 
49 
85 
66 
55 
47 
47 
90 
130 
27 
16 
26 
52 
50 
18 
19.5 
27 
106 
79 
73 
55 
62 
30 
24 
29 
49 
72 
86 
76 
23 
109 
18 
69 
22 
91 
23 
53 
32 
56 
52 
72 
30 
53 
24 
39 
53 
42 
39 
38 
113 
84 
29 
54.5 
177 
82 
Length av. 28.995 
AREAS OF XENOLITHS 
VOLUME OF XENOLITHS 
NUMBER 
MEAN ARITHMETIC 
HARMONIC MEAN 
GEOMETRIC MEAN 
STANDARD DEVIATION 
SMALLEST 
LARGEST 
K VALUE 
w log 
19 
4.5 
45 
18 
10.5 
7 
31 
25 
15 
18 
46 
11 
30 
3.8 
13 
7.5 
30 
12 
7 
13 
13 
6.5 
69 
29 
48 
9.6 
4 
64 
32 
50 
20 
21 
24 
5.8 
8.5 
27 
9.5 
30 
6 
23.5 
16 
36 
23 
8.5 
18 
31 
24 
20 
17 
17 
32 
46 
9.5 
5.6 
18 
17 
6.5 
35 
26 
24 
18 
20 
9.5 
7.5 
15 
21 
25 
22 
6.6 
31 
5 
19 
6 
24 
13.5 
8 
14 
13 
18 
7.5 
13 
5.6 
12 
7.5 
22 
16 
4.8 
28 
11.9 
12.735 
1 
6.891 
0.83828225 
2.211 
2.222 
2.222 
2.278 
2.286 
2.286 
2.290 
2.320 
2.333 
2.333 
2.348 
2.364 
2.367 
2.368 
2.375 
2.385 
2.400 
2.400 
2.417 
2.429 
2.462 
2.462 
2.462 
2.464 
2.483 
2.500 
2.500 
2.500 
2.516 
2.531 
2.540 
2.550 
2.571 
2.583 
2.586 
2.588 
2.630 
2.632 
2.667 
2.667 
2.667 
2.681 
2.688 
2.694 
2.696 
2.706 
2.722 
2.742 
2.750 
2.750 
2.765 
2.765 
2.813 
2.826 
2.842 
2.857 
2.889 
2.889 
2.941 
3.000 
3.000 
3.000 
3.029 
3.038 
3.042 
3.056 
3.100 
3.158 
3.200 
3.222 
3.267 
3.429 
3.440 
3.455 
3.485 
3.516 
3.600 
3.632 
3.667 
3.792 
3.833 
3.926 
4.000 
4.000 
4.000 
4.000 
4.000 
4.077 
4.286 
4.333 
4.417 
4.667 
4.875 
5.067 
5.136 
5.250 
6.042 
6.056 
6.321 
6.891 
289.995 
23 
2.459 
2.169 
2.302 
0.987 
Appendix 7 
Fry data collected from the Atibaia pluton SE Brazil, during field season 1995. 
Locality Phenocryst Type Number of Orientation Fry strain Averaqe Error 
Only recorded when 
BC5HORIZ FELDSPAR TRACING 67 non-paralell to Foliation 2.33 1.93 0.35 
BC5VERT FELDSPAR TRACING 71 1.80 2.13 0.42 
BE1HORIZ FELDSPAR TRACING 36 1.89 
BE1VERT FELDSPAR TRACING 57 1.81 2.04 0.13 
BE3HORIZ FELDSPAR TRACING 79 1.77 
BE3HORIZ2 FELDSPAR TRACING 50 2.74 
BE3VERT FELDSPAR TRACING 48 2.27 
BF2HORIZ FELDSPAR TRACING 57 1.62 
BF3HORIZ FELDSPAR TRACING 62 1.87 
BF3VERT FELDSPAR TRACING 57 1.43 
BF3VERT2 FELDSPAR TRACING 66 1.70 
BG3HORIZ FELDSPAR TRACING 48 1.57 
BG3VERT FELDSPAR TRACING 51 1.72 
BG4HORIZ FELDSPAR TRACING 88 1.95 
BG4VERT FELDSPAR TRACING 64 2.33 
BG6HORIZ FELDSPAR TRACING 72 2.32 
BG6VERT FELDSPAR TRACING 49 1.81 
BG7HORIZ FELDSPAR TRACING 57 1.92 
BG7VERT FELDSPAR TRACING 60 2.00 
BH1HORIZ FELDSPAR TRACING 64 3.32 
BH1VERT FELDSPAR TRACING 44 2.17 
BI1HORIZ1 FELDSPAR TRACING 73 2.04 1.94 0.41 
811 HORIZ10 FELDSPAR TRACING 72 1.39 
BI1HORIZ2 FELDSPAR TRACING 61 2.48 
BI1HORIZ3 FELDSPAR TRACING 74 30 TO FOLIATION 2.42 
BI1HORIZ4 FELDSPAR TRACING 72 20 TO FOLIATION 2.19 
BI1HORIZ5 FELDSPAR TRACING 75 1.83 
BI1HORIZ6 FELDSPAR TRACING 68 1.62 
BI1HORIZ7 FELDSPAR TRACING 76 1.56 
BJ1HORIZ FELDSPAR TRACING 67 2.31 2.40 0.57 
BJ1HORIZ2 FELDSPAR TRACING 75 1.81 
BJ1HORIZ2 FELDSPAR TRACING 59 3.50 
BJ1HORIZ3 FELDSPAR TRACING 0 2.39 
BJ1HORIZ3 FELDSPAR TRACING 87 2.27 
BJ1VERT4 FELDSPAR TRACING 73 1.86 2.35 0.69 
BJ2HORIZ FELDSPAR TRACING 71 2.66 
BJ2VERT FELDSPAR TRACING 78 2.83 
BK1HORIZ FELDSPAR TRACING 60 2.41 2.24 0.43 
BK1VERT FELDSPAR TRACING 65 2.00 2.13 0.12 
BK3HORIZ FELDSPAR TRACING 77 1.66 
BK3VERT FELDSPAR TRACING 61 2.14 
BK4HORIZ FELDSPAR TRACING 82 2.69 
BK5HORIZ FELDSPAR TRACING 69 2.33 
BK6HORIZ FELDSPAR TRACING 61 2.41 
BK6HORIZN FELDSPAR TRACING 67 2.67 
BK6VERT FELDSPAR TRACING 58 2.24 
BL2HORIZ FELDSPAR TRACING 57 2.02 2.26 0.29 
BL4HORIZ FELDSPAR TRACING 62 2.64 
BL5HORIZ FELDSPAR TRACING 62 2.50 
BL5VERT FELDSPAR TRACING 62 2.24 2.12 0.16 
BL6HORIZ FELDSPAR TRACING 75 2.05 
Locality Phenocryst Type Number of Orientation Frv strain Averaae Error 
BL6VERT FELDSPAR TRACING 60 1.94 
BL7HORIZ FELDSPAR TRACING 92 2.08 
BL7VERT FELDSPAR TRACING 44 2.18 
BM5HORIZ FELDSPAR TRACING 71 3.07 
BM5VERT FELDSPAR TRACING 72 1.97 
BM6HORIZ FELDSPAR TRACING 71 1.91 
BM6VERT FELDSPAR TRACING 57 1.55 
BM7VERT FELDSPAR TRACING 56 1.83 
BM7VERT FELDSPAR TRACING 83 1.44 
BN4HORIZ FELDSPAR TRACING 76 2.10 
BN4VERT FELDSPAR TRACING 59 3.89 
BN5HORIZ FELDSPAR TRACING 62 1.57 
BN5HORIZ2 FELDSPAR TRACING 72 1.88 
BN7HORIZ FELDSPAR TRACING 72 2.29 
BN7VERT FELDSPAR TRACING 61 2.24 
BNBHORIZ FELDSPAR TRACING 73 1.80 
BN8VERT FELDSPAR TRACING 57 2.63 
B01HORIZ FELDSPAR TRACING 73 1.59 1.92 0.48 
B01VERT FELDSPAR TRACING 72 2.10 2.10 0.24 
B02HORIZ FELDSPAR TRACING 60 2.39 
B02VERT FELDSPAR TRACING 73 2.41 
B03HORIZ FELDSPAR TRACING 65 2.30 
B03VERT FELDSPAR TRACING 58 2.12 
B04HORIZ FELDSPAR TRACING 70 2.49 
B04VERT FELDSPAR TRACING 59 2.14 
BP1HORIZ FELDSPAR TRACING 75 30 TO FOLIATION 2.52 2.27 0.34 
BP2*HORIZ FELDSPAR TRACING 78 2.40 
BP2HORIZ FELDSPAR TRACING 74 2.26 
BP2HORIZ** FELDSPAR TRACING 62 2.30 
BQ1HORIZ FELDSPAR TRACING 66 2.05 
BQ1VERT FELDSPAR TRACING 71 2.44 
BQ2HORIZ FELDSPAR TRACING 70 2.23 
B03HORIZ FELDSPAR TRACING 68 1.78 
BQ4HORIZ FELDSPAR TRACING 59 2.14 
B04HORIZ FELDSPAR TRACING 76 2.03 
BQ6HORIZ FELDSPAR TRACING 68 1.90 
BQ7HORIZ FELDSPAR TRACING 68 1.77 
B07HORIZ2 FELDSPAR TRACING 78 1.78 
BQHORIZ FELDSPAR TRACING 61 2.23 
BQHORIZ2 FELDSPAR TRACING 61 2.20 
BR1HORIZ FELDSPAR TRACING 58 2.00 
BR1VERT FELDSPAR TRACING 49 1.76 
BR2HORIZ FELDSPAR TRACING 57 1.54 
BR3HORIZ FELDSPAR TRACING 58 2.20 
BR4HORIZ FELDSPAR TRACING 61 1.13 
BR4MAF BIOTITE TRACING 66 HORIZONTAL MAFIC ENCLA 1.30 
BR4VERT FELDSPAR TRACING 67 1.18 
BR5HORIZ FELDSPAR TRACING 46 3.41 
BR5HORIZ FELDSPAR TRACING 61 1.75 
BR5VERT FELDSPAR TRACING 52 2.32 
BR6HORIZ FELDSPAR TRACING 47 2.38 
BR7HORIZ FELDSPAR TRACING 72 2.01 
BR7HORIZ2 FELDSPAR TRACING 68 2.87 
BS1HORIZ FELDSPAR TRACING 73 2.52 
BS1VERT FELDSPAR TRACING 43 30 TO FOLIATION 2.00 
Locality Phenocryst Type Number of Orientation Fry strain Averaoe Error 
BS2HORIZ FELDSPAR TRACING 61 2.58 2.12 0.58 
BS3HORIZ FELDSPAR TRACING 65 1.20 
BS3VERT FELDSPAR TRACING 60 2.80 2.40 0.57 
BS4HORIZ FELDSPAR TRACING 59 2.04 
BS5HORIZ FELDSPAR TRACING 74 60 TO FOLIATION. 1.72 
BS6HORIZ FELDSPAR TRACING 73 2.68 
BT1HORIZ FELDSPAR TRACING 66 2.30 
BT1VERT FELDSPAR TRACING 69 2.20 
BT2HORIZ FELDSPAR TRACING 71 2.20 
BT2VERT FELDSPAR TRACING 50 2.51 
BT3HORIZ FELDSPAR TRACING 57 1.47 
BT3VERT FELDSPAR TRACING 59 3.20 
BT4HORIZ FELDSPAR TRACING 54 1.73 
BU1HORIZ FELDSPAR TRACING 61 2.08 
BU1VERT FELDSPAR TRACING 62 2.73 
BU2HORIZ FELDSPAR TRACING 41 2.26 
BU2VERT FELDSPAR TRACING 49 2.18 
BV1HORIZ FELDSPAR TRACING 66 2.12 2.33 0.60 
BV1VERT FELDSPAR TRACING 42 1.71 1.81 0.13 
BV2HORIZ FELDSPAR TRACING 58 1.70 
BV3HORIZ FELDSPAR TRACING 52 2.38 
BV3VERT FELDSPAR TRACING V.V. POOR 
BV8HORIZ FELDSPAR TRACING 74 3.13 
BV8VERT FELDSPAR TRACING 58 1.90 
BW1HORIZ FELDSPAR TRACING 68 1.86 2.16 0.24 
BW1VERT FELDSPAR TRACING 66 2.59 2.14 0.42 
BW2HORIZ FELDSPAR TRACING 71 2.00 
BW2VERT FELDSPAR TRACING 59 1.77 
BW3HORIZ FELDSPAR TRACING 74 2.22 
BW5HORIZ FELDSPAR TRACING 75 2.07 
BW6HORIZ FELDSPAR TRACING 65 2.30 
BW7HORIZ FELDSPAR TRACING 50 2.53 
BW7VERT FELDSPAR TRACING 58 2.06 
BW8HORIZ FELDSPAR TRACING TOO POOR 
BX2HORIZ FELDSPAR TRACING 51 50 TO FOLIATION 2.53 
BX2VERT FELDSPAR TRACING 57 2.13 
BX2VERT FELDSPAR TRACING 62 2.84 
BX3HORIZ FELDSPAR TRACING 71 1.47 
BX3VERT FELDSPAR TRACING 54 1.96 
BX4HORIZ FELDSPAR TRACING 60 1.96 
BX4VERT FELDSPAR TRACING 65 1.91 
BX5HORIZ FELDSPAR TRACING 63 1.69 
BY1HORIZ FELDSPAR TRACING 53 2.41 
BY2HORIZ FELDSPAR TRACING 75 1.92 
BY3HORIZ FELDSPAR TRACING 49 1.28 
BY4FOL FELDSPAR TRACING 51 PARALELL TO FOLIATION D 2.22 
BY4HORIZ FELDSPAR TRACING 62 1.20 
BY5HORIZ FELDSPAR TRACING 42 1.83 
BY6HORIZ FELDSPAR TRACING 50 1.47 
BY6VERT FELDSPAR TRACING 36 1.74 
CA1HORIZ FELDSPAR TRACING 50 2.58 
CB1HORIZ FELDSPAR TRACING 70 2.50 
Appendix 8 
Grid references lor the Morro Azul and lmbiricu plutons 
Locality EASTINGS NORTHINGS 
IMBIRICU 
CA1 
CA10 
CA11 
CA12 
CA15 
CA16 
CA2 
CA3 
CA4 
CAS 
CA6 
CA7 
CAB 
CA9 
CB1 
CB2 
CB3 
CB4 
CBS 
CB6 
CB7 
CBS 
CC2 
ccs 
CCB 
CD1 
CD3 
CD4 
CD4? 
CDS 
CD6 
CE1 
CE10 
CE3 
CE4 
CES 
CE6 
CE7 
CE7 
CEB 
CE9 
CF1 
CF2 
CF3 
CF4 
CFS 
CF6 
CF7 
CFB 
CF9 
CG1 
CG10 
CG12 
CG2 
CG3 
CG4 
CGS 
CG6 
CG7 
CGB 
CG9 
CH1 
CH2 
CH3 
CH4 
CHS 
CH6 
Cl1 
Cl2 
Cl3 
Cl4 
CIS 
CJ1 
CJ2 
CJ3 
9480 
9293 
9280 
92S3 
9180 
9238 
9468 
9473 
9455 
9420 
9373 
9313 
9306 
9288 
9248 
9273 
9266 
927S 
9293 
9298 
918S 
9203 
9273 
9323 
93SB 
9328 
9223 
9140 
9193 
916S 
9148 
8948 
9073 
89SB 
897S 
9043 
9043 
8973 
9080 
9063 
9108 
90SO 
9068 
9078 
9190 
8833 
8908 
893S 
9173 
9173 
896S 
9068 
907S 
8923 
8848 
8793 
8845 
8848 
8888 
8898 
8873 
9038 
9393 
9370 
930S 
923S 
9128 
94S3 
9623 
9628 
96SS 
9448 
9443 
9418 
939S 
4S61 
4733 
4758 
47SB 
4860 
4789 
4600 
4633 
4S90 
4638 
466S 
4680 
4669 
4693 
4778 
4683 
4716 
4733 
4741 
47S9 
4823 
4788 
476S 
4893 
4770 
4780 
4783 
4708 
4770 
4720 
4763 
4BSB 
4823 
4781 
4798 
4781 
4763 
480S 
4760 
4798 
479S 
4868 
48SO 
4860 
4619 
466S 
4633 
468S 
4S73 
4689 
4618 
4388 
4S13 
4S98 
455S 
4S98 
4483 
4520 
4555 
4583 
4423 
4433 
4535 
453S 
4560 
45S3 
4SBS 
4695 
4710 
4783 
4775 
47SO 
4438 
4468 
4483 
Locality EASTINGS NORTHINGS Locality 
MORRO AZUL 
CK1 
CK2 
CK3 
CK4 
CKS 
CK6 
CL1 
CL10 
CL11 
CL2 
CL3 
CL4 
CLS 
CL6 
CL7 
CLB 
CL9 
CM1 
CM2 
CM3 
CM4 
CMS 
CM6 
CM7 
CM7 
CMB 
CN 
C01 
C010 
C011 
C03 
C04 
cos 
C0611 
C06/2 
C07 
COB 
C09 
CP1 
CP2 
CP3 
CP4 
CPS 
CP6 
CP6 
CP7 
CPB 
CP9 
CQ1 
C02 
CQ3 
CQ4 
cas 
CQ6 
CQ7 
COB 
CQ9 
CR1 
CR10 
CA11 
CA12 
CA2 
CA3 
CA4 
CAS 
CA6 
CA7 
CR7 
CAB 
CA9 
cso 
CS1 
CS10 
CS2 
CS3 
8009 
7825 
7904 
7994 
8073 
81S6 
8228 
836S 
8310 
82S3 
8273 
828S 
8298 
8330 
8323 
8330 
8388 
8263 
8238 
B2S3 
8276 
8285 
830S 
8283 
8363 
8308 
8100 
8103 
8350 
8304 
809S 
8193 
8208 
8210 
8216 
8191 
8160 
8345 
8415 
8448 
8470 
8523 
8478 
8463 
8413 
8SS3 
BS43 
8473 
7S48 
7S73 
779S 
779S 
7768 
7996 
8098 
7790 
7770 
7723 
819S 
8070 
8048 
7648 
741S 
7438 
7423 
7500 
7660 
8003 
8068 
8100 
820S 
8048 
819S 
8100 
8088 
3393 CS4 
3SOO css 
3406 CS7 
3384 CSB 
33S9 CS9 
3308 CT1 
340S CT10 
3S78 CT11 
3SB3 CT2 
342S CT3 
3443 CT4 
3460 CTS 
34S3 CT6 
3481 CTB 
3SOO CT9 
3S18 CTII 
3S48 CU2 
3S30 CU3 
3S90 CU4 
3618 cus 
3674 CU7 
3700 CU7 
3790 CUB 
3616 CU9 
3833 CV1 
3841 CV1 
3428 CV9 
3399 
3881 
3930 
338S 
3S6S 
3S23 
3S49 
3S43 
3624 
3638 
3915 
3529 
3S66 
3S69 
3610 
3613 
3630 
3948 
4140 
408S 
4059 
2904 
29BS 
2943 
2996 
3040 
3224 
3224 
3170 
31BS 
301S 
3S2S 
3S73 
3SBS 
3168 
316S 
302S 
2980 
2900 
3148 
3378 
33S3 
3488 
3703 
373S 
3703 
3810 
387S 
EASTINGS NORTHINGS 
812S 
81S3 
8210 
8238 
824S 
8398 
849S 
8443 
8410 
8383 
8360 
8363 
839S 
84SB 
8470 
8400 
8S63 
BSOS 
849S 
8473 
BS03 
BS33 
BS58 
B5S5 
8233 
8423 
8330 
3825 
3891 
367S 
3661 
3680 
3531 
3778 
36SS 
3573 
3SB9 
3628 
3668 
3650 
3713 
3743 
3SSO 
3973 
3970 
39SO 
3855 
3863 
3960 
3843 
3870 
339S 
3676 
34S9 
Appendix 9 
Mafic enclave axial ratio data from the Morro Azul and lmbiricu plutons 
MORRO AZUL PLUTON 
LOCALITY CS7, CSB, CS10 LOCALITY CS7, CSB, CS10 LOCALITY CS7, CSB, CS10 
ORIENTATION HORIZ ORIENTATION VERT ORIENTATION FOLIATION 
NUMBER X y XN NUMBER X y XN NUMBER X y XN 
1 14.5 9.6 1.51041667 1 27.5 14 1.96428571 1 25 14 1.78571429 
2 13.6 8 1.7 2 11 5 2.2 2 26 13 2 
3 21 12 1.75 3 35 13 2.69230769 3 9 3.7 2.43243243 
4 58 33 1.75757576 4 23 7.5 3.06666667 4 4.9 1.2 4.08333333 
5 17.6 9.9 1.77777778 5 15 4.3 3.48837209 Length av. 10.161 3.195 3.18034201 
6 15 7.8 1.92307692 6 22 6 3.66666667 AREAS OF XENOLITHS 25.498 
7 25 12.8 1.953125 7 8 1.7 4.70588235 NUMBER 4 
8 13.5 6.4 2.109375 8 71.5 14 5.10714286 MEAN ARITHMETIC 2.575 
9 13 6 2.16666667 9 11 2 5.5 HARMONIC MEAN 2.331 
10 8 3.6 2.22222222 10 22.5 3 7.5 GEOMETRIC MEAN 2.440 
11 8 3.5 2.28571429 11 23.3 2.2 10.5909091 STANDARD DEVIATION 1.041 
12 30 13 2.30769231 12 35.6 3 11.8666667 SMALLEST 1.78 
13 16 6.7 2.3880597 Length av. 18.271 3.795 4.8139869 LARGEST 4.080 
14 19 7.7 2.46753247 AREAS OF XENOLITHS 54.462 wlog 0.3602 
15 9 3.6 2.5 NUMBER 12 K- VALUE 0.9292 
16 26 10.2 2.54901961 MEAN ARITHMETIC 5.196 
17 24.6 9.4 2.61702128 HARMONIC MEAN 3.843 
18 20 7.5 2.66666667 GEOMETRIC MEAN 4.428 
19 49 18 2.72222222 STANDARD DEVIATION 3.230 
20 31 11 2.81818182 SMALLEST 1.96 
21 32 10.8 2.96296296 LARGEST 4.810 
22 23 7.7 2.98701299 wlog 0.3899 
23 24 7.8 3.07692308 K-VALUE 0.5497 
24 12 3.8 3.15789474 
25 24 7.3 3.28767123 
26 13.8 4.1 3.36585366 
27 31 8.8 3.52272727 
28 12 3.4 3.52941176 
29 9.2 2.6 3.53846154 
30 17 4.8 3.54166667 
31 28 7.8 3.58974359 
32 19 4.8 3.95833333 
33 27 5.6 4.82142857 
Length av. 17.049 6.389 2.66856486 
AREAS OF XENOLITHS 85.553 
NUMBER 33 
MEAN ARITHMETIC 2.713 
HARMONIC MEAN 2.515 
GEOMETRIC MEAN 2.612 
STANDARD DEVIATION 0.762 
SMALLEST 1.51 
LARGEST 4.821 
wlog 0.504 
LOCALITY C01, C02, COB, CR1 LOCALITY C01. C02. COB. CR1 LOCALITY CP9 
ORIENTATION HORIZ ORIENTATION VERT ORIENTATION HORIZ 
NUMBER X y XIY NUMBER X y XIY NUMBER X y XIY 
1 6.4 5.6 1.142B5714 20.9 7.5 2.7B666667 1 13.6 13 1.046153B5 
2 2 1.4 1.42B57143 2 7.B 2.5 3.12 2 11.7 11 1.06363636 
3 5.3 1.B 2.94444444 3 11.B 3.4 3.4705BB24 3 3 2.7 1.11111111 
4 16.4 4.6 3.56521739 4 10.7 2.B 3.B2142B57 4 6 5.2 1.15384615 
5 55.2 13 4.246153B5 5 25.5 6 4.25 5 7 6 1.16666667 
6 29 6.2 4.67741935 6 11.5 2.3 5 6 B.B 7.5 1.17333333 
7 13.2 2.6 5.0769230B Length av. 12.4B9 3.359 3.71760BB 7 5 4 1.25 
B 9 1.6 5.625 AREAS OF XENOLITHS 32.951 B 9.B 7.7 1.27272727 
9 21.4 3.7 5.7B37B37B NUMBER 6 9 10 7.B 1.2B20512B 
10 21.2 3.4 6.23529412 MEAN ARITHMETIC 3.741 10 12.2 9.5 1.2B421053 
11 12.6 1.9 6.63157B95 HARMONIC MEAN 3.605 11 5.2 4 1.3 
Length av. B.342 2.747 3.03672596 GEOMETRIC MEAN 3.672 12 7.5 5.5 1.36363636 
AREAS OF XENOLITHS 17.99B STANDARD DEVIATION O.B03 13 10 7 1.42B57143 
NUMBER 11 SMALLEST 2.79 14 9.7 6.7 1.44776119 
MEAN ARITHMETIC 4.305 LARGEST 5.000 15 4.9 3.3 1.4B48484B 
HARMONIC MEAN 3.140 wlog 0.253 16 4.4 2.9 1.5172413B 
GEOMETRIC MEAN 6.056 K-VALUE 0.3B5 17 7.3 4.7 1.55319149 
STANDARD DEVIATION 1.B57 1B 17 9.7 1.75257732 
SMALLEST 1.14 19 6 3.3 1.B1B1B1B2 
LARGEST 6.630 20 7.3 4 1.B25 
wlog 0.765 21 7.5 4 1.B75 
22 B 4 2 
23 7.6 3.6 2.11111111 
24 5.5 2.5 2.2 
25 10 4.5 2.22222222 
26 13.5 5.7 2.36842105 
27 7.7 3.1 2.4B387097 
2B 6.B 2.5 2.72 
29 11.4 4 2.B5 
Length av. 7.306 4.50B 1.62049027 
AREAS OF XENOLITHS 25.B68 
NUMBER 29 
MEAN ARITHMETIC 1.659 
HARMONIC MEAN 1.526 
GEOMETRIC MEAN 1.5BB 
STANDARD DEVIATION 0.51B 
SMALLEST 1.0462 
LARGEST 2.B50 
wlog 0.4352 
LOCALITY COS, C06 
ORIENTATION HORIZ 
NUMBER X 
1 44 
2 34 
3 10.2 
4 11 
5 11 
6 
7 
8 
16 
11 
23 
9 34.8 
10 23 
11 21 
12 32 
13 8 
14 13.5 
15 32 
16 31 
17 19.6 
18 10 
19 28 
20 14.1 
21 8.5 
22 22 
23 31 
24 20 
25 
26 
27 
25 
15 
35 
28 13 
29 19 
30 18.6 
31 14.6 
32 14.7 
33 26 
34 51 
35 
36 
25 
35 
y XIY 
23.6 1.86440678 
15 2.26666667 
4.4 2.31818182 
4. 7 2.34042553 
4.5 2.44444444 
6.4 
4 
8 
2.5 
2.75 
2.875 
12 2.9 
7.5 3.06666667 
6.5 3.23076923 
9. 7 3.29896907 
2.4 3.33333333 
3.8 3.55263158 
9 3.55555556 
8.6 3.60465116 
5.1 3.84313725 
2.6 3.84615385 
7.2 3.88888889 
3.6 3.91666667 
2.1 4.04761905 
5.4 4.07407407 
7.5 4.13333333 
4.8 4.16666667 
5. 7 4.38596491 
3.4 4.41176471 
7.8 4.48717949 
2.7 4.81481481 
3.9 4.87179487 
3. 7 5. 02702703 
2.6 5.61538462 
2.6 5.65384615 
4.5 5. 77777778 
7. 7 6.62337662 
3. 7 6. 75675676 
5.1 6.8627451 
37 41 5.1 8.03921569 
38 46 5.6 8.21428571 
Length av. 18.327 4.668 3.92633386 
AREAS OF XENOLITHS 67.189 
NUMBER 38 
MEAN ARITHMETIC 
HARMONIC MEAN 
4.194 
3.691 
GEOMETRIC MEAN 3.930 
STANDARD DEVIATION 1.575 
SMALLEST 1.8644 
LARGEST 8.214 
wlog 0.644 
LOCALITY CN/ZONE3 
ORIENTATION HORIZ 
NUMBER X 
15 
2 22.5 
3 17.5 
4 15.7 
5 7.4 
6 16.9 
7 11.7 
8 24.7 
9 24.1 
10 9.3 
11 11.5 
12 12.9 
13 10 
14 13 
15 15.6 
16 10 
17 25.4 
18 24.9 
19 23 
20 20 
21 27.8 
22 23.5 
23 36 
24 42 
25 10 
26 14 
27 13.6 
28 
29 
30 
31 
13 
34 
8.1 
34 
y XIY 
13.5 1.11111111 
18 1.25 
13.4 1.30597015 
12 1.30833333 
5.4 1.37037037 
12.3 1.37398374 
7.7 1.51948052 
16 1.54375 
14.4 1.67361111 
5.4 1.72222222 
6.5 1. 76923077 
7 1.84285714 
5.4 1.85185185 
7 1.85714286 
8 1.95 
5 2 
12 2.11666667 
11.5 2.16521739 
9.7 2.37113402 
8 2.5 
10 2.78 
8.3 2.8313253 
10 3.6 
11.4 3.68421053 
1.9 5.26315789 
2.4 5.83333333 
2.1 6.47619048 
1.9 6.84210526 
4.8 7.08333333 
1.1 7.36363636 
3.9 8.71794872 
32 36 2.1 17.1428571 
Length av. 15.673 4.883 3.20939437 
AREAS OF XENOLITHS 60.110 
NUMBER 
MEAN ARITHMETIC 
HARMONIC MEAN 
GEOMETRIC MEAN 
STANDARD DEVIATION 
SMALLEST 
LARGEST 
wlog 
1.1111 
17.143 
1.1883 
32 
3.507 
2.207 
2.661 
3.293 
LOCALITY CN/ZONE3 
ORIENTATION VERT 
NUMBER X y XIY 
19.8 9.4 2.10638298 
2 23.7 10.9 2.17431193 
3 43 18 2.38888889 
4 50 20.5 2.43902439 
5 38 15.1 2.51655629 
6 51 15.9 3.20754717 
7 37 10.6 3.49056604 
8 20.1 5.6 3.58928571 
9 49 13.6 3.60294118 
1 0 39.6 10.6 3. 73584906 
11 6.8 1.8 3.77777778 
12 26 6. 7 3.88059701 
13 20 4.7 4.25531915 
14 35 7.2 4.86111111 
15 12.5 2.4 5.20833333 
16 47 9 5.22222222 
17 20 3.8 5.26315789 
18 64 10.8 5.92592593 
19 42 6. 7 6.26865672 
20 43 5.6 7.67857143 
21 17.6 1.4 12.5714286 
Length av. 25.024 5.448 4.59305197 
AREAS OF XENOLITHS 107.078 
NUMBER 21 
MEAN ARITHMETIC 
HARMONIC MEAN 
GEOMETRIC MEAN 
STANDARD DEVIATION 
SMALLEST 2.106 
LARGEST 12.571 
w log 0.776 
K-VALUE 0.429 
4.484 
3.712 
4.048 
2.364 
LOCALITY CK1, CK4 
ORIENTATION HORIZ 
NUMBER X 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
4.7 
4 
19 
4 
18 
19 
22 
15 
3.2 
11 
7 
33 
7.6 
12 
14 
13.6 
21 
7.7 
17 
10.2 
5 
33 
27 
14 
35 
41.5 
16 
6.1 
29 48 
30 20 
31 23.7 
y XN 
4.4 1.06818182 
1.9 2.10526316 
8.1 2.34567901 
1.5 2.66666667 
6 3 
5.9 3.22033898 
6.5 3.38461538 
4.4 3.40909091 
0.9 3.55555556 
3 3.66666667 
1.9 3.68421053 
8.7 3.79310345 
2 3.8 
3.1 3.87096774 
3.5 4 
3.4 4 
5 4.2 
1.7 4.52941176 
3.5 4.85714286 
2.1 4.85714286 
0.9 5.55555556 
5.8 5.68965517 
4.7 5.74468085 
2.4 5.83333333 
5.9 5.93220339 
6.9 6.01449275 
2.4 6.66666667 
0.9 6.77777778 
6.5 7.38461538 
2.7 7.40740741 
2.9 8.17241379 
32 13.5 0.9 15 
Length av. 10.452 2.455 4.25761326 
AREAS OF XENOLITHS 20.154 
NUMBER 32 
MEAN ARITHMETIC 
HARMONIC MEAN 
GEOMETRIC MEAN 
STANDARD DEVIATION 
SMALLEST 
LARGEST 
wlog 
1.07 
15.000 
1.1467 
4.881 
3.893 
4.384 
2.490 
LOCALITY CK1, CK4 
ORIENTATION VERT 
NUMBER X 
1 4.9 
2 3.2 
3 21 
4 7.6 
5 12 
6 8.8 
7 6.2 
8 11 
9 6 
10 17 
11 24 
12 16 
13 38 
14 21 
15 10.5 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
8 
12 
12 
16 
20 
15 
36 
6.2 
18 
16 
21 
15.5 
36 
y XN 
4.3 1.13953488 
2.8 1.14285714 
9 2.33333333 
2.6 2.92307692 
4 3 
2. 7 3.25925926 
1.8 3.44444444 
3 3.66666667 
1.6 3.75 
4.3 3.95348837 
6 4 
3.9 4.1025641 
9 4.22222222 
4.9 4.28571429 
2.2 4. 77272727 
1.6 5 
2.4 5 
2.4 5 
3.2 5 
3.9 5.12820513 
2.9 5.17241379 
6.4 5.625 
1 6.2 
2.8 6.42857143 
2.4 6.66666667 
3.1 6.77419355 
2.1 7.38095238 
2.8 12.8571429 
Length av. 10.930 2.771 3.94398559 
AREAS OF XENOLITHS 23.792 
NUMBER 28 
MEAN ARITHMETIC 
HARMONIC MEAN 
GEOMETRIC MEAN 
STANDARD DEVIATION 
SMALLEST 
LARGEST 
wlog 
K-VALUE 
1.14 
12.857 
1.052 
0.023 
4.722 
3.678 
4.240 
2.221 
NUMBER 
LOCALITY CR10, CR11 
ORIENTATION HORIZ 
X y XN 
70.4 54.4 1.29411765 
2 23.3 13.5 1.72592593 
3 23.5 12.5 1.88 
4 15.7 6.5 2.41538462 
5 15.9 6.5 2.44615385 
6 13.8 5.6 2.46428571 
7 28 11 2.54545455 
8 20.5 7.9 2.59493671 
9 12 4.5 2.66666667 
10 14.5 5 2.9 
11 41.3 13.9 2.97122302 
12 20 6.2 3.22580645 
13 54.6 16 3.4125 
14 31.6 8.7 3.63218391 
15 80.3 21.6 3.71759259 
16 33 
17 42.3 
18 30.9 
19 22.2 
20 30 
21 16 
22 17 
23 20.7 
24 24 
25 49.5 
8.8 3.75 
11.2 3.77678571 
8 3.8625 
5.7 3.89473684 
7.5 4 
3.6 4.44444444 
3.6 4.72222222 
4 5.175 
4 6 
8 6.1875 
Length av. 23.401 6.998 3.34413723 
AREAS OF XENOLITHS 
NUMBER 
MEAN ARITHMETIC 
HARMONIC MEAN 
GEOMETRIC MEAN 
STANDARD DEVIATION 
SMALLEST 
LARGEST 
wlog 
1.29 
6.190 
0.6811 
128.609 
25 
3.428 
2.994 
3.214 
1.232 
LOCALITY CM2, CM7, CM7, CT8 
ORIENTATION HORIZ 
NUMBER X 
1 
2 
3 
4 
5 
6 
7 
8 
9 
25 
5.8 
19 
12 
37 
12.5 
10 
21.8 
28 
y XN 
13 1.92307692 
2.6 2.23076923 
8.5 2.23529412 
4.9 2.44897959 
14.5 2.55172414 
4.3 2.90697674 
3 3.33333333 
5.8 3. 75862069 
6.4 4.375 
10 30.5 6.7 4.55223881 
Leng1h av. 14.930 5.274 2.83084896 
AREAS OF XENOLITHS 61.846 
NUMBER 10 
MEAN ARITHMETIC 
HARMONIC MEAN 
GEOMETRIC MEAN 
STANDARD DEVIATION 
SMALLEST 1.92 
LARGEST 4.550 
w log 0.375 
3.032 
2.798 
2.909 
0.933 
IMBIRICU PLUTON 
LOCALITY CH1 
ORIENTATION HORIZ 
NUMBER X 
1 6.7 
2 21.6 
3 5.6 
4 9.3 
5 16 
6 4 
7 23.5 
8 25 
9 22 
10 12 
11 79 
12 137.1 
13 34 
14 8 
15 31.5 
16 15.3 
17 34 
18 15.5 
19 20 
20 9 
21 6.9 
22 
23 
24 
25 
26 
27 
20 
22 
15 
22 
27 27.5 
28 19 
29 83 
30 38.5 
31 21 
32 74.5 
33 26.5 
34 36 
35 250 
36 53.2 
37 18 
38 24 
39 40 
y XN 
6.4 1.046875 
20.6 1.04854369 
5 1.12 
8.1 1.14814815 
13.8 1.15942029 
3.1 1.29032258 
17.5 1.34285714 
18 1.38888889 
14 1.57142857 
7.5 1.6 
49 1.6122449 
84.4 1.62440758 
19 1.78947368 
4 2 
15 2.1 
7 2.18571429 
14.3 2.37762238 
6.5 2.38461538 
8 2.5 
3.6 2.5 
2. 7 2.55555556 
10.5 2.57142857 
7.3 2. 73972603 
8 2.75 
5.4 2. 77777778 
7.5 2.93333333 
9 3.05555556 
6 3.16666667 
23.8 3.48739496 
11 3.5 
5.8 3.62068966 
20 3.725 
7 3.78571429 
8.5 4.23529412 
59 4.23728814 
12 4.43333333 
3.5 5.14285714 
4 6 
6.5 6.15384615 
40 160 21 7.61904762 
Leng1h av. 17.194 7. 709 2.23046849 
AREAS OF XENOLITHS 104.100 
NUMBER 40 
MEAN ARITHMETIC 2.807 
HARMONIC MEAN 2.163 
GEOMETRIC MEAN 2.458 
STANDARD DEVIATION 1.522 
SMALLEST 
LARGEST 
wlog 
1.0469 
7.620 
0.8621 
LOCALITY CB6, CC7, CE7, CE8, CE10, CG1 
ORIENTATION HORIZ 
NUMBER X y XN 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
42 
13.8 
12.8 
36 1. 16666667 
7.9 1.74683544 
6.3 2.03174603 
15.7 7 2.24285714 
29.5 13.1 2.2519084 
25 1 0.4 2.40384615 
7.1 2.8 2.53571429 
14 4.9 2.85714286 
19 6.4 2.96875 
36.8 10.8 3.40740741 
27 7.9 3.41772152 
35 10.1 3.46534653 
24 6.8 3.52941176 
75 21 3.57142857 
5.4 
33.5 
15.6 
1.3 4.15384615 
7.2 4.65277778 
2.2 7.09090909 
Leng1h av. 16.935 5.277 3.20918998 
AREAS OF XENOLITHS 70.191 
NUMBER 
MEAN ARITHMETIC 
HARMONIC MEAN 
GEOMETRIC MEAN 
STANDARD DEVIATION 
SMALLEST 1.17 
LARGEST 7.090 
wlog 0.782 
17 
3.147 
2.680 
2.906 
1.351 
Appendix 10 
Fry fabric strains from the Morro Azul and lmbiricu plutons 
SLAB= tracing from hand specimen polished slab 
PHOTO= tracing from outcrop photograph 
MORRO AZUL 
LOCALITY Phenocryst Type Number Orientation Fry Strain Average Error Comment 
CK1H FELDSPAR PHOTO 97 1.55 1.7425 0.17 OK 
CM1H FELDSPAR PHOTO 60 Only recorded when 1.86 1.74 0.17 OK 
CM3F FELDSPAR PHOTO 66 non-parallel to foliation 1.81 OK 
CM5H FELDSPAR SLAB 64 1.6 1.666 0.2 GOOD 
CM5V FELDSPAR SLAB 47 1.43 GOOD 
CM6H FELDSPAR PHOTO 68 2 GOOD 
CNH FELDSPAR PHOTO 47 1.89 GOOD 
CNH FELDSPAR SLAB 58 1.89 V.GOOD 
CNV FELDSPAR SLAB 33 3.01 POOR 
C02H FELDSPAR PHOTO 78 1.64 OK 
C06V FELDSPAR SLAB 40 2.28 OK 
C07H FELDSPAR PHOTO 62 1.62 GOOD 
COSH FELDSPAR PHOTO 74 1.63 GOOD 
C09H FELDSPAR PHOTO 58 2.07 GOOD 
CP6H FELDSPAR SLAB 59 1.5 1.5975 0.32 V.GOOD 
CP6V FELDSPAR SLAB 49 2.21 2.14 0.1 GOOD 
CP9H FELDSPAR PHOTO 127 1.08 1.615 0.76 GOOD 
CP9H FELDSPAR SLAB 63 2.15 OK 
CP9V FELDSPAR SLAB 40 1.68 1.68 OK 
CQ1V FELDSPAR PHOTO 71 1.48 POOR 
CQ5H FELDSPAR SLAB 61 2.08 GOOD 
CSBH FELDSPAR PHOTO 81 1.48 POOR 
CU1H FELDSPAR PHOTO 70 1.42 POOR 
CU6H FELDSPAR SLAB 55 1.4 OK 
CU6V FELDSPAR PHOTO 74 2.07 GOOD 
IMBIRICU 
LOCALITY Phenocryst Type Number Orientation Fry Strain Average Error Comment 
CA11H FELDSPAR SLAB 50 1.21 1.68857 0.38 POOR 
CA2H FELDSPAR PHOTO 54 Only recorded when 2.13 1.87 0.23 GOOD 
CB1V FELDSPAR SLAB 35 non-parallel to foliation 1.61 1.835 0.32 OK 
CB2H FELDSPAR PHOTO 96 1.69 OK 
CB3H FELDSPAR SLAB 89 1.74 V.GOOD 
CB4H FELDSPAR PHOTO 88 1.9 GOOD 
CC7H FELDSPAR SLAB 53 2.07 GOOD 
CCBH FELDSPAR PHOTO 85 2.18 OK 
CC8H2 FELDSPAR PHOTO 58 1.37 POOR 
CD1H FELDSPAR PHOTO 52 1.36 OK 
CD1V FELDSPAR PHOTO 62 2.06 GOOD 
CE2H FELDSPAR PHOTO 106 1.8 1.785 0.25 GOOD 
CE3H FELDSPAR PHOTO 65 1.94 GOOD 
CF2H FELDSPAR PHOTO 74 1.97 GOOD 
CF3H FELDSPAR PHOTO 80 1.43 OK 
CF4H FELDSPAR PHOTO 89 1.35 GOOD 
CG10H FELDSPAR PHOTO 55 V.POOR 
CH3H FELDSPAR SLAB 58 1.79 OK 
Appendix 11 
Vertical plane 
Using the t-alpha technique to determine the flattening strain on a folded layer 
After Ramsay (1967) 
Horizontal plane 
To 
thickness at axial point 
Vertical plane 
To 
thickness at axial point 
29 
29 
29 
29 
34 
34 
34 
22 
22 
19 
19 
124 
124 
56 
65 
26 
26 
45 
43 
27 
11 
8 
46 
46 
16 
35 
3 
3 
3 
7 
4.5 
2.9 
4 
8 
8 
15 
11.5 
10.5 
16 
27 
20 
33 
21.5 
21.5 
9.5 
9.5 
8.5 
8.5 
8.2 
13 
13 
13 
18 
18 
5 
8 
6 
6 
20.5 
7 
2 
2 
2 
Talpha 
thickness on limb 
Talpha 
thickness on limb 
4.5 
5.5 
5 
3.2 
3.2 
2.5 
5 
1.7 
2.8 
2.8 
1.8 
9.8 
6.3 
5.2 
30 
3 
3.5 
8.5 
25 
3 
4.5 
1.8 
5 
1.2 
2 
3 
2.5 
2.7 
1.2 
2 
2.8 
1.3 
2 
1.7 
2.1 
4 
8 
4 
5.2 
3 
3.7 
3 
3 
2.3 
2 
2.1 
3.5 
1.8 
6 
6 
7.2 
4 
2.5 
2 
1.2 
1.5 
1.5 
1.8 
4 
1.2 
0.8 
1.6 
0.7 
Angle (alpha-90) To!Talpha Lambda1 
1Lambda2 A 
84 0.155172 1.466077 0.013298 8.671892 
87 0.189655 1.518436 0.033321 5.478214 
86.2 0.172414 1.504474 0.025446 6.268878 
88 0.110345 1.53589 0.010971 9.547059 
85.8 0.094118 1.497492 0.003513 16.87144 
85.8 0.073529 1.497492 4.3E-05 152.5494 
85 0.147059 1.48353 0.014138 8.410323 
88 0.077273 1.53589 0.004759 14.49596 
84.5 0.127273 1.474803 0.007077 11.88713 
85.3 0.147368 1.488766 0.015105 8.136552 
86 0.094737 1.500983 0.004129 15.56207 
87 0.079032 1.518436 0.003517 16.86296 
85 0.050806 1.48353 -0.00505 
84 0.092857 1.466077 -0.00233 
60 0.461538 1.047198 -0.04931 
85 0.115385 1.48353 0.005761 13.17473 
84.5 0.134615 1.474803 0.009018 10.53056 
78 0.188889 1.361357 -0.00789 
56 0.581395 0.977384 0.036845 5.20966 
85 0.111111 1.48353 0.004786 14.45499 
70 0.409091 1.22173 0.057051 4.186654 
80 0.225 1.396263 0.021108 6.883014 
82 0.108696 1.43117 -0.0077 
84 0.026087 1.466077 -0.01036 
87 0.125 1.518436 0.012921 8.797236 
89 0.085714 1.553343 0.007044 11.91448 
81.92991543 0.12875 mean value 
8.124005265 0.129421 stdev 
Angle {alpha-90} TofT alpha Lambda1 
ll.ambda2 R 
15 0.833333 0.261799 -3.5614 
11.03321 
32.028 
55 0.9 0.959931 0.716845 1.181102 
72 0.4 1.256637 0.071319 3.744535 
80 0.285714 1.396263 0.05308 4.340468 
73 0.622222 1.27409 0.329878 1.741099 
78 0.448276 1.361357 0.16485 2.46295 
78 0.5 1.361357 0.216115 2.151086 
84 0.2125 1.466077 0.034608 5.375397 
81 0.2625 1.413717 0.045549 4.685541 
75 0.266667 1.308997 0.00442 15.04161 
50 0.695652 0.872665 0.120575 2.879866 
78 0.380952 1.361357 0.106501 3.06424 
77 0.325 1.343904 0.057955 4.153896 
79 0.111111 1.37881 -0.02497 
80 0.185 1.396263 0.004198 15.43421 
78.5 0.090909 1.370083 -0.03279 
74 0.139535 1.291544 -0.06115 
84 0.106977 1.466077 0.000524 43.7042 
74 0.210526 1.291544 -0.03426 
75 0.221053 1.308997 -0.01942 
67 0.411765 1.169371 0.019921 7.085135 
82 0.211765 1.43117 0.025978 6.204324 
50 0.731707 0.872665 0.208273 2.191207 
50 0.461538 0.872665 -0.34109 
65 0.553846 1.134464 0.156002 2.531829 
77 0.307692 1.343904 0.046421 4.641353 
83 0.138889 1.448623 0.004505 14.89902 
76 0.111111 1.32645 -0.04905 
82 0.24 1.43117 0.038986 5.064608 
79.5 0.1875 1.387537 0.002013 22.28656 
78 0.25 1.361357 0.020143 
80 0.3 1.396263 0.061707 
78 0.195122 1.361357 -0.00539 
78 0.171429 1.361357 -0.01446 
7.04584 
4.02562 
84 0.4 1.466077 0.150721 2.575809 
80 0.5 1.396263 0.226682 2.100351 
0.8 0.698132 0.1287 2.787469 40 
63 0.7 1.099557 0.357596 1.67226 
69.53027143 0.302898 mean value 
14.44024328 0.22474 stdev 
4.523697 
8.824393 
Appendix 12 
Grid references for the ltapeti pluton 
Locality EASTINGS NORTHINGS 
CX1 3757 74039 
CX2 3756 74032 
CX3 3753 74022 
CX4 3758 74005 
CX5 3756 74015 
CX6 3764 74017 
CX7 3760 74029 
CY1 3980 74080 
CY2 3896 74062 
CY3 3893 74063 
CY4 3891 74064 
CZ1 3872 74056 
CZ2 3872 74062 
CZ3 3859 74059 
CZ4 3858 74056 
DA1 3825 74046 
DA2 3814 74038 
DA3 3800 74020 
DA4 3793 74017 
DC1 3786 74008 
DC2 3781 74004 
DC3 3780 74006 
DC4 3748 73988 
DC5 3703 74006 
DC6 3734 74029 
DC? 3709 74007 
Appendix 13 
Mafic enclave data from the ltapeti pluton. SE Brazil 
Data consists of enclave long and short axes, this is averaged using standard mean, geomoetric mean and harmonic mean. 
LOCALITY CY3, CZ4 LOCALITY CZ4 
ORIENTATION HORIZ ORIENTATION Foliation 
NUMBER X y XIY NUMBER X y XIY 
19.00 9.00 2.11 26.00 10.00 2.60 
2 24.50 11.40 2.15 2 13.20 4.80 2.75 
3 9.50 3.80 2.50 3 14.00 4.40 3.18 
4 16.00 6.30 2.54 Length av. 16.16 5.60 2.89 
5 49.00 19.00 2.58 AREAS OF XENOLITHS 71.09 
6 13.00 4.70 2.77 NUMBER 3.00 
7 11.00 3.30 3.33 MEAN ARITHMETIC 2.84 
8 20.50 5.90 3.47 HARMONIC MEAN 2.82 
9 16.00 4.60 3.48 GEOMETRIC MEAN 2.83 
10 13.00 3.00 4.33 STANDARD DEVIATION 0.30 
11 36.00 7.50 4.80 SMALLEST 2.60 
12 16.40 3.40 4.82 LARGEST 3.18 
13 14.00 2.90 4.83 wlog 0.09 
14 58.00 11.00 5.27 
15 32.00 5.90 5.42 
16 12.00 2.20 5.45 
17 9.90 1.60 6.19 
18 47.00 6.80 6.91 
19 25.00 2.90 8.62 
20 140.00 15.80 8.86 
21 113.00 10.90 10.37 
Length av. 16.16 0.55 29.58 
AREAS OF XENOLITHS 6.93 
NUMBER 21.00 
MEAN ARITHMETIC 9.43 
HARMONIC MEAN 1.63 
GEOMETRIC MEAN 3.15 
STANDARD DEVIATION 21.68 
SMALLEST 2.11 
LARGEST 10.37 
wlog 0.69 
LOCALITY CX7, DC2, DC3 (cont.) LOCALITY CX7, DC2, DC3 (cont.) 
ORIENTATION HORIZ ORIENTATION HORIZ 
NUMBER X y X/Y NUMBER X y X/Y 
43.70 35.00 1.25 56 86.00 13.50 6.37 
2 39.00 25.00 1.56 57 150.00 23.30 6.44 
3 8.80 5.60 1.57 58 17.00 2.60 6.54 
4 22.00 13.80 1.59 59 22.50 3.40 6.62 
5 45.00 28.00 1.61 60 81.00 11.10 7.30 
6 144.00 70.00 2.06 61 52.00 6.90 7.54 
7 31.00 14.80 2.09 62 75.00 9.80 7.65 
8 18.20 8.40 2.17 63 19.50 2.50 7.80 
9 41.10 18.60 2.21 64 33.20 3.50 9.49 
10 59.00 26.00 2.27 65 34.00 3.40 10.00 
11 17.00 7.40 2.30 Length av. 20.86 6.41 3.25 
12 55.00 23.80 2.31 AREAS OF XENOLITHS 105.09 
13 8.60 3.60 2.39 NUMBER 65.00 
14 15.10 6.30 2.40 MEAN ARITHMETIC 4.50 
15 28.00 11.50 2.43 HARMONIC MEAN 3.96 
16 23.00 9.00 2.56 GEOMETRIC MEAN 4.20 
17 11.80 4.60 2.57 STANDARD DEVIATION 1.82 
18 49.00 19.00 2.58 SMALLEST 1.25 
19 27.00 9.80 2.76 LARGEST 10.00 
20 10.20 3.60 2.83 w log 0.90 
21 29.00 9.80 2.96 
22 9.60 3.20 3.00 
23 33.00 11.00 3.00 
24 21.40 7.10 3.01 
25 35.70 11.60 3.08 
26 61.00 19.80 3.08 
27 82.50 25.40 3.25 
28 39.00 12.00 3.25 
29 24.00 7.20 3.33 
30 21.10 6.10 3.46 
31 16.00 4.50 3.56 
32 18.50 5.20 3.56 
33 14.80 4.10 3.61 
34 46.00 12.70 3.62 
35 28.40 7.80 3.64 
36 13.00 3.40 3.82 
37 12.50 3.20 3.91 
38 15.00 3.80 3.95 
39 38.00 9.60 3.96 
40 19.00 4.80 3.96 
41 38.70 9.70 3.99 
42 25.00 6.20 4.03 
43 48.00 11.80 4.07 
44 23.60 5.80 4.07 
45 11.00 2.70 4.07 
46 47.60 11.40 4.18 
47 86.50 19.50 4.44 
48 131.00 29.40 4.46 
49 44.00 9.20 4.78 
50 54.00 11.10 4.86 
51 20.00 3.80 5.26 
52 68.00 12.50 5.44 
53 35.00 6.40 5.47 
54 24.00 4.00 6.00 
55 48.00 7.70 6.23 
LOCALITY DC? 
ORIENTATION HORIZ 
NUMBER X y X/Y 
12.80 7.80 1.64 
2 10.50 6.10 1.72 
3 30.00 14.50 2.07 
4 21.00 9.40 2.23 
5 8.40 3.70 2.27 
6 12.60 5.50 2.29 
7 9.70 3.90 2.49 
8 20.00 5.60 3.57 
9 23.70 6.50 3.65 
Length av. 13.89 5.97 
AREAS OF XENOLITHS 65.08 
NUMBER 9.00 
MEAN ARITHMETIC 2.44 
HARMONIC MEAN 2.28 
GEOMETRIC MEAN 2.35 
STANDARD DEVIATION 0.72 
SMALLEST 1.64 
LARGEST 3.65 
wlog 0.35 
Appendix 14 
Fortran program modelling a Power Law rheology around an hot expanding body. 
c2345678909123456789 
Program model 
c intialise variables 
character*20 namew 
Integer p,i,t,val,n,q,time,incr 
real x,y,a,supply,pi, volume 
real nrate(900,200),dist(900,200),rate(900,200) 
real margint(200),pa(200) 
Real r(200),sigma(200) ,ratetot(200) ,temp(200) ,margin(200) 
supply=30000000 
pi=3.14159 
volume=O 
do 1 O,i=1, 1000 
r(i)=O 
margin(i)=O 
sigma(i)=O 
ratetot(i)=O 
10 continue 
time=100 
incr=160 
* Calculate temperature at a function of distance 
temp(1 )=650 
margin(1 )=0 
do 15,i=2,incr 
margin(i)=margin(i-1 )+(8000/incr) 
15 continue 
do 20,i=2,incr 
temp(i)=848.2-(64.67*1og(margin(i))) 
20 continue 
* Calc radius as a function of time 
r(1 )=0 
do 30,i=1 ,time 
volume=supply + ((4*pi/3)*(r(i)**3)) 
r(i+ 1 )=(volume/( 4 *pi/3) )**0.33333333 
* Deviatoric stress per unit area as a function of time at pluton margin 
sigma(i+ 1 )=(supply*200)/(4 *pi*(r(i+ 1 )**2)) 
margin(1 )=0.01 
*deviatoric stress as a function of distance from the pluton 
do 40,t=1 ,incr 
d ist(i, t)=( supply*200)/( 4 *pi* ( ( r(i)+margin(t)) **2)) 
40 continue 
30 continue 
* Calculating strain rate per unit distance per unit time,approx to wet qtz. 
a=0.00012 
do 50,n=1 ,time 
do 60,q=1 ,incr 
rate(n,q)=(a *exp( -259000/(8.31 *(temp( q)+273))) )*( dist(n,q)**8.2) 
60 continue 
50 continue 
* Attempting to quantify the strain at a particular point better 
* work out the shortening related to a single increment of strain rate. 
do 90,i=1 ,time 
margint(1 )=0 
do 1 OO,t=2,incr 
val=(8000/incr)/(1 +rate(i,t)) 
* readjusting division boundaries, for a given shortening 
margint(t)=margint(t-1 )+val 
* working out average strain rates for individual cells 
X=O 
if (margint(t) .gt. (t*(8000/incr))) then 
stop 
end if 
a=O 
Y=O 
do 150,p=1,incr 
if (t+p .gt. incr) goto 150 
n=margin(t)-margin(t+p) 
if ((n.lt.50).and.(n.gt.O))then 
a=a+1 
pa(a)=p 
end if 
150 continue 
if (a .eq. 1 )then 
X= (margint(t+pa(1 ))-margin(t))*rate(i,t+pa(1 )) 
end if 
if (a .gt. 1) then 
do 160, p=2,a 
n=t+pa(p) 
y=y+(margin(n)-margint(n-1) )*rate(i,n) 
160 continue 
end if 
n=t+pa(a) 
z=(margin(t+ 1 )-margint(n))*rate(i,n+ 1) 
nrate(i,t)=(x+y+z)/(8000/incr) 
* adding up the strain rates over time 
ratetot(t)=ratetot(t)+nrate(i, t) 
100 continue 
90 continue 
* specifying a file to save to. 
PRINT *,'SPECIFY A FILE TO SAVE TO:' 
READ *,namew 
OPEN (UNIT =4,FILE=namew) 
DO 300, t=1,incr 
write (4,'(f1 0.0,2x,e1 0.3)')(margin(t),ratetot(t)) 
300 continue 
CLOSE (UNIT =4) 
END 
Appendix 15 
Looking at critical dyke widths for the studied plutons 
Pluton 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Volume 
/m'3 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+1 1 
2.70E+1 1 
2.70E+1 1 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+1 1 
2.70E+1 1 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+1 1 
2.70E+1 1 
2.70E+1 1 
2.70E+11 
2.70E+1 1 
2.70E+1 1 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+1 1 
2.70E+11 
2.70E+11 
lateral extent Tm,intial 
/m oC 
7000 
7000 
7000 
7000 
7000 
7000 
7000 
7000 
7000 
7000 
7000 
7000 
7000 
7000 
7000 
7000 
7000 
7000 
7000 
7000 
7000 
7000 
7000 
7000 
7000 
750 
750 
750 
750 
750 
750 
750 
750 
750 
750 
750 
750 
750 
750 
750 
750 
750 
750 
750 
750 
750 
750 
750 
Tw,lreezing Tinf,far field Magma superheat 
oC oC oC 
900 750 350 
900 750 350 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
750 
750 
750 
700 
700 
700 
700 
700 
650 
650 
650 
650 
650 
600 
600 
600 
600 
600 
550 
550 
550 
550 
550 
750 
750 
750 
750 
750 
700 
700 
700 
700 
700 
650 
650 
650 
650 
650 
600 
600 
600 
600 
600 
550 
550 
550 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
latent heal J/kg 
specific heat J-1Kg-1oC-1 
Magma undercooling Density diHe1 viscosity Dyke length Sin! 
oC Kg/m3 Pas /m 
Sm 
3.00E-01 thermal diffus m2/s 
1.20E-03 gravity m/s2 
smlsinf'2 ukH/gp 
8.00E-07 
9.81 
dyke width average veVm time taken 
/m /m/s !yrs 
150 400 70 1.00E+04 30000 0.625 1.66666667 4.26666667 0.3494976 3.423882434 6.71 E-02 5.32496533 
1 50 400 70 1.00E+05 30000 0.625 1.66666667 4.26666667 3.49497597 6.088619634 2.12E-02 9.4692762 
150 
150 
ISO 
200 
200 
200 
200 
200 
250 
250 
250 
250 
250 
300 
300 
300 
300 
300 
350 
350 
350 
350 
350 
150 
150 
150 
150 
150 
200 
200 
200 
200 
200 
250 
250 
250 
250 
250 
300 
300 
300 
300 
300 
350 
350 
350 
400 
400 
400 
350 
350 
350 
350 
350 
300 
300 
300 
300 
300 
250 
250 
250 
250 
250 
200 
200 
200 
200 
200 
400 
400 
400 
400 
400 
350 
350 
350 
350 
350 
300 
300 
300 
300 
300 
250 
250 
250 
250 
250 
200 
200 
200 
70 1.00E+06 30000 0.625 1.66666667 4.26666667 34.9497597 10.82726693 6.71E-03 16.8390189 
70 1.00E+07 30000 0.625 1.66666667 4.26666667 349.497597 19.25390585 2.12E-03 29.9444806 
70 1.00E+08 30000 0.625 1 .66666667 4.26666667 3494.97597 34.23882434 6. 71 E-04 53.2496533 
70 1.00E+04 30000 0.71428571 1.25 2.45 0.3494976 2.258535238 2.92E-02 18.552084 
70 1.00E+05 30000 0.71428571 1.25 2.45 3.49497597 4.016306711 9.23E-03 32.9907891 
70 1.00E+06 30000 0.71428571 1.25 2.45 34.9497597 7.142115528 2.92E-03 58.6668409 
70 1.00E+07 30000 0.71428571 1.25 2.45 349.497597 12.70067699 9.23E-04 104.326035 
70 1.00E+08 30000 0.71428571 1.25 2.45 3494.97597 22.58535238 2.92E-04 185.52084 
70 1.00E+04 30000 0.83333333 1 1.44 0.3494976 1.516087185 1.32E-02 61.3339289 
70 1.00E+05 30000 0.83333333 1 1.44 3.49497597 2.696026624 4. 16E-03 109.068863 
70 1.00E+06 30000 0.83333333 1 1.44 34.9497597 4.794288635 1.32E-03 193.954913 
70 1.00E+07 30000 0.83333333 1 1.44 349.497597 8.525584765 4. 16E-04 344.906029 
70 1.00E+08 30000 0.83333333 1 1.44 3494.97597 15.16087185 1 .32E-04 613.339289 
70 1 .00E+04 30000 1 0.83333333 0.83333333 0.3494976 1.005926787 5.79E-03 209.978194 
70 1.00E+05 30000 1 0.83333333 0.83333333 3.49497597 1.788818893 1.83E-03 373.399899 
70 1.00E+06 30000 1 0.83333333 0.83333333 34.9497597 3.181019806 5.79E-04 664.009353 
70 1.00E+07 30000 1 0.83333333 0.83333333 349.497597 5.656742023 1 .83E-04 1180.79416 
70 1.00E+08 30000 1 0.83333333 0.83333333 3494.97597 10.05926787 5.79E-05 2099.78194 
70 1.00E+04 30000 1.25 0.71428571 0.45714286 0.3494976 0.641196675 2.35E-03 810.773475 
70 1.00E+05 30000 1.25 0.71428571 0.45714286 3.49497597 1.140226844 7.44E-04 1441.78178 
70 1.00E+06 30000 1.25 0.71428571 0.45714286 34.9497597 2.02764192 2.35E-04 2563.89085 
70 1.00E+07 30000 1.25 0.71428571 0.45714286 349.497597 3.605713877 7.44E-05 4559.3143 
70 1.00E+08 30000 1.25 0.71428571 0.45714286 3494.97597 6.411966746 2.35E-05 8107.73475 
70 1.00E+04 30000 0.625 1.66666667 4.26666667 0.3494976 3.423882434 6.71E-02 49.6996764 
70 1.00E+05 30000 0.625 1.66666667 4.26666667 3.49497597 6.088619634 2.12E-02 88.3799112 
70 1.00E+06 30000 0.625 1.66666667 4.26666667 34.9497597 10.82726693 6.71E-03 157.164176 
70 1.00E+07 30000 0.625 1.66666667 4.26666667 349.497597 19.25390585 2.12E-03 279.481819 
70 1.00E+08 30000 0.625 1.66666667 4.26666667 3494.97597 34.23882434 6.71E-04 496.996764 
70 1.00E+04 30000 0.71428571 1.25 2.45 0.3494976 2.258535238 2.92E-02 173.152764 
70 1.00E+05 30000 0.71428571 1.25 2.45 3.49497597 4.016306711 9.23E-03 307.914031 
70 1.00E+06 30000 0.71428571 1.25 2.45 34.9497597 7.142115528 2.92E·03 547.557182 
70 1.00E+07 30000 0.71428571 1.25 2.45 349.497597 12.70067699 9.23E-04 973.709663 
70 1.00E+08 30000 0.71428571 1.25 2.45 3494.97597 22.58535238 2.92E-04 1731.52784 
70 1.00E+04 30000 0.83333333 1 1.44 0.3494976 1.516087185 1.32E·02 572.450004 
70 1.00E+05 30000 0.83333333 1 1.44 3.49497597 2.696026624 4.16E-03 1017.97605 
70 1.00E+06 30000 0.83333333 1 1.44 34.9497597 4.794288635 1.32E-03 1810.24586 
70 1.00E+07 30000 0.83333333 1 1.44 349.497597 8.525584765 4.16E-04 3219.12294 
70 1.00E+08 30000 0.83333333 1 1.44 3494.97597 15.16087185 1.32E-04 5724.50004 
70 1.00E+04 30000 1 0.83333333 0.83333333 0.3494976 1.005926787 5.79E·03 1959.79648 
70 1.00E+05 30000 1 0.83333333 0.83333333 3.49497597 1.788818893 1 .83E·03 3485.06573 
70 1.00E+06 30000 1 0.83333333 0.83333333 34.9497597 3.181019806 5.79E-04 6197.42063 
70 1.00E+07 30000 1 0.83333333 0.83333333 349.497597 5.656742023 1.83E-04 11020.7455 
70 1.00E+08 30000 1 0.83333333 0.83333333 3494.97597 10.05926787 5.79E·OS 19597.9648 
70 1.00E+04 30000 1.25 0.71428571 0.45714286 0.3494976 0.641196675 2.35E·03 7567.2191 
70 1.00E+05 30000 1.25 0.71428571 0.45714286 3.49497597 1.140226844 7.44E-04 13456.6299 
70 1.00E+06 30000 1.25 0.71428571 0.45714286 34.9497597 2.02764192 2.35E-04 23929.6479 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
Ardara 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+11 
2.70E+1 1 
2.70E+11 
2.70E+1 1 
2.70E+1 1 
2.70E+1 1 
2.70E+1 1 
2.70E+1 1 
2.70E+11 
2.70E+1 1 
2.70E+11 
2.70E+11 
2.70E+1 1 
750 900 550 350 350 200 
750 900 550 350 350 200 
750 BOO 750 350 50 400 
750 BOO 750 350 50 400 
750 BOO 750 350 50 400 
750 BOO 750 350 50 400 
750 BOO 750 350 50 400 
750 BOO 700 350 100 350 
750 BOO 700 350 100 350 
750 BOO 700 350 100 350 
750 BOO 700 350 100 350 
750 BOO 700 350 100 350 
750 BOO 650 350 150 300 
750 BOO 650 350 150 300 
750 BOO 650 350 150 300 
750 BOO 650 350 150 300 
750 BOO 650 350 150 300 
750 BOO 600 350 200 250 
750 BOO 600 350 200 250 
750 BOO 600 350 200 250 
750 BOO 600 350 200 250 
750 BOO 600 350 200 250 
750 BOO 550 350 250 200 
750 BOO 550 350 250 200 
750 BOO 550 350 250 200 
750 BOO 550 350 250 200 
750 BOO 550 350 250 200 
750 700 650 350 50 300 
750 700 650 350 50 300 
750 700 650 350 50 300 
750 700 650 350 50 300 
750 700 650 350 50 300 
750 700 600 350 100 250 
750 700 600 350 100 250 
750 700 600 350 100 250 
750 700 600 350 100 250 
750 700 600 350 100 250 
750 700 550 350 150 200 
750 700 550 350 150 200 
750 700 550 350 150 200 
750 700 550 350 150 200 
750 700 550 350 150 200 
ro 
ro 
ro 
ro 
ro 
ro 
ro 
ro 
ro 
ro 
ro 
ro 
ro 
ro 
ro 
ro 
ro 
ro 
ro 
ro 
ro 
ro 
ro 
ro 
ro 
ro 
ro 
ro 
ro 
ro 
ro 
ro 
ro 
ro 
ro 
ro 
ro 
ro 
ro 
ro 
ro 
ro 
1.00E+07 30000 1.25 0.7142B571 0.457142B6 349.497597 3.6057138n 7.44E-05 42553.6001 
1.00E+OB 30000 1.25 0.71428571 0.457142B6 3494.97597 6.411966746 2.35E-05 75672.191 
1.00E+04 30000 0.625 5 12.8 0.3494976 7.80476417 3.49E-01 4.19595419 
1.00E+05 30000 0.625 5 12.B 3.49497597 13.87905142 1.10E·01 7.46157894 
1.00E+06 30000 0.625 5 12.8 34.9497597 24.68083138 3.49E-02 13.268n22 
1.00E+07 30000 0.625 5 12.8 349.497597 43.88941426 1.10E-02 23.5955844 
1.00E+08 30000 0.625 5 12.8 3494.97597 78.0476417 3.49E-03 41.9595419 
1.00E+04 30000 0.7142B571 2.5 4.9 0.3494976 3.798388371 8.26E-02 36.4008889 
1.00E+05 30000 0.71428571 2.5 4.9 3.49497597 6.754595831 2.61 E-02 64.7309513 
1.00E+06 30000 0.7142B571 2.5 4.9 34.9497597 12.01155869 8.26E·03 115.109718 
1.00E+07 30000 0.71428571 2.5 4.9 349.497597 21.3599075 2.61 E-03 204.697241 
1.00E+08 30000 0.71428571 2.5 4.9 3494.97597 37.98388371 8.26E-04 364.008889 
1.00E+04 30000 0.83333333 1.66666667 2.4 0.3494976 2.223876875 2.83E-02 181.375188 
1.00E+05 30000 0.83333333 1.66666667 2.4 3.49497597 3.954674458 8.95E-03 322.535762 
1.00E+06 30000 O.B3333333 1.66666667 2.4 34.9497597 7.032516162 2.83E-03 573.558705 
1.00E+07 30000 0.83333333 1.66666667 2.4 349.497597 12.50577869 8.95E·04 1019.94764 
1.00E+OB 30000 O.B3333333 1.66666667 2.4 3494.97597 22.23876875 2.83E-04 1813.75188 
1.00E+04 30000 1 1.25 1.25 0.3494976 1.36343619 1.06E-02 787.056011 
1.00E+05 30000 1 1.25 1.25 3.49497597 2.424570504 3.36E-03 1399.6055 
1.00E+06 30000 1 1.25 1.25 34.9497597 4.311563805 1.06E-03 2488.88964 
1.00E+07 30000 1 1.25 1.25 349.497597 7.667165139 3.36E-04 4425.9412 
1.00E+OB 30000 1 1.25 1.25 3494.97597 13.6343619 1.06E-04 7870.56011 
1.00E+04 30000 1.25 1 0.64 0.3494976 0.825253335 3.90E·03 3549.3451 
1.00E+05 30000 1.25 1 0.64 3.49497597 1.467531014 1.23E-03 6311.72732 
1.00E+06 30000 1.25 1 0.64 34.9497597 2.609680186 3.90E-04 11224.0147 
1.00E+07 30000 1.25 1 0.64 349.497597 4.640740541 1.23E-04 19959.4343 
1.00E+OB 30000 1.25 1 0.64 3494.97597 8.252533351 3.90E-05 35493.451 
1.00E+04 30000 O.B3333333 5 7.2 0.3494976 5.069343031 1.47E-01 15.3128156 
1.00E+05 30000 O.B3333333 5 7.2 3.49497597 9.014708335 4.65E-02 27.2304647 
1.00E+06 30000 O.B3333333 5 7.2 34.9497597 16.03067022 1.47E·02 48.4233747 
1.00E+07 30000 O.B3333333 5 7.2 349.497597 28.50701078 4.65E·03 86.1102902 
1.00E+OB 30000 O.B3333333 5 7.2 3494.97597 50.69343031 1.47E·03 153.128156 
1.00E+04 30000 1 2.5 2.5 0.3494976 2.293017209 3.01 E·02 165.458145 
1.00E+05 30000 1 2.5 2.5 3.49497597 4.0n62529 9.51 E-03 294.230812 
1.00E+06 30000 1 2.5 2.5 34.9497597 7.251157095 3.01 E-03 523.224594 
1.00E+07 30000 1 2.5 2.5 349.497597 12.89458336 9.51 E-04 930.439523 
1.00E+OB 30000 1 2.5 2.5 3494.97597 22.93017209 3.01 E-04 1654.58145 
1.00E+04 30000 1.25 1.66666667 1.06666667 0.3494976 1.210525243 B.39E-03 1124.5753 
1.00E+05 30000 1.25 1.66666667 1.06666667 3.49497597 2.152652116 2.65E-03 1999.80911 
1.00E+06 30000 1.25 1.66666667 1.06666667 34.9497597 3.828016934 B.39E-04 3556.21936 
1.00E+07 30000 1.25 1.66666667 1.06666667 349.497597 6.807283696 2.65E·04 6323.95166 
1.00E+OB 30000 1.25 1.66666667 1.06666667 3494.97597 12.10525243 B.39E·05 11245.753 
Appendix 16 
Appendix ol crilical dykes widths lor Brazilian plutons 
Pluton 
Atibaia 
Atibaia 
Atibaia 
Alibaia 
AUbaia 
At1baia 
Alibaia 
Atlbaia 
Alibaia 
Atibaia 
Atibaia 
At1baia 
Atibaia 
Atibaia 
Atibaia 
Atibaia 
Atibala 
Alibala 
Atibaia 
Atibaia 
Atibala 
Atibala 
Atibaia 
Alibaia 
Atibaia 
Atibaia 
Atlbaia 
At1baia 
Atibaia 
Atibaia 
Atibaia 
Alibala 
Alibaia 
At1baia 
Atibala 
Atlbala 
A11bala 
AUbala 
Atlbaia 
Atibaia 
Atibaia 
Atlbala 
AHbaia 
Atibaia 
Alibaia 
Atlbala 
Atlbala 
Alibaia 
Atibaia 
A lib ala 
Atibala 
Alibala 
Atibala 
Atlbala 
Atibala 
Atlbala 
AUbala 
Atlbala 
Atibala 
Atlbola 
Atibala 
Atibala 
Atlbala 
length width depth volume lateral extent Tm,lntlal 
/m /m /m /m"3 lm oC 
tosoo 5750 5000 3.02E+t1 10500 
10500 5750 5000 3.02E+11 10500 
10500 5750 5000 3.02E+11 10500 
10500 5750 5000 3.02E+11 10500 
10500 5750 5000 3.02E+11 10500 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+ 11 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+11 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
5750 
5750 
5750 
5750 
5750 
5750 
5750 
5750 
5750 
5750 
5750 
5750 
5750 
5750 
5750 
5750 
5750 
5750 
5750 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
3.02E+11 
3.02E+11 
3.02E+11 
3.02E-t11 
3.02E+11 
3.02E+11 
J.02E+11 
3.02E+11 
3.02E+11 
3.02E+11 
3.02E+11 
3.02E+11 
3.02E+11 
3.02E+11 
3.02E+11 
3.02E+11 
3.02E+11 
3.02E+11 
3.02E+11 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+ 11 
10500 5750 5000 3.02E-t11 
10500 5750 5ooo 3.02E+11 
10500 5750 5000 3.02E+ 11 
10500 5750 5000 3.02E+ 11 
10500 5750 5000 3.02E+t1 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+ 11 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+1 1 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+ 11 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+t1 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+ 11 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
5750 
5750 
5750 
5750 
5750 
5750 
5750 
5750 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
3.02E+11 
3.02E+11 
3.02E+11 
3.02E+11 
3.02E+11 
3.02E+11 
3.02E+11 
3.02E+11 
10500 5750 5000 3.02E+11 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
Tw,freezlng Tlnf,far field Magma superheat 
oC oC oC 
900 750 350 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
750 
750 
750 
750 
700 
700 
700 
700 
700 
650 
650 
650 
650 
650 
600 
600 
600 
600 
600 
550 
550 
550 
550 
550 
750 
750 
750 
750 
750 
700 
700 
700 
700 
700 
650 
650 
650 
650 
650 
600 
600 
600 
600 
600 
550 
550 
550 
550 
550 
650 
650 
650 
650 
650 
600 
600 
600 
600 
600 
550 
550 
550 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
Magma undercoollng Denalty difference 
oC Kg/m3 
150 400 
150 400 
150 
150 
150 
200 
200 
200 
200 
200 
250 
250 
250 
250 
250 
300 
300 
300 
300 
300 
350 
350 
350 
350 
350 
50 
50 
50 
50 
50 
100 
100 
100 
100 
100 
150 
150 
150 
150 
150 
200 
200 
200 
200 
200 
250 
250 
250 
250 
250 
50 
50 
50 
50 
50 
100 
100 
100 
100 
100 
150 
150 
150 
400 
400 
400 
350 
350 
350 
350 
350 
300 
300 
300 
300 
300 
250 
250 
250 
250 
250 
200 
200 
200 
200 
200 
400 
400 
400 
400 
400 
350 
350 
350 
350 
350 
300 
300 
300 
300 
300 
250 
250 
250 
250 
250 
200 
200 
200 
200 
200 
300 
300 
300 
300 
300 
250 
250 
250 
250 
250 
200 
200 
200 
latent heat J/kg 
specific heat J-1Kg-1oC 
3.00E-01 thermal d1flusi m2/s 
1.20E-03 gravity m/s2 
8.ooE-07 
9.81 
vlacoaHy Dyke length Slnl Sm amlalnf"2 ukH/gp dyke width 
Pea /m lm 
200 1.00E+04 30000 0.625 1.66666667 4.26666667 0.12232416 2.633515355 
0.625 1.66666667 4.26666667 1.22324159 4.683126132 
0.625 1.66666667 4.26666667 12.2324159 8.327906775 
0.625 1.66666667 4.26666667 122.324159 14.80934515 
0.625 1.66666667 4.26666667 1223.24159 26.33515355 
200 1.00E+05 30000 
200 1.00E+06 30000 
200 1.00E+07 30000 
200 1.00E+08 30000 
200 1.00E+04 
200 1.00E+05 
200 1.00E+06 
200 t.OOE+07 
200 1.00E+08 
200 1.00E+04 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
1.00E+05 
1.00E-t06 
1.00E+07 
1.00E-t08 
1.00E+04 
1.00E+05 
1.00E+06 
1.00E+07 
1.00E+08 
1.00E+04 
1.ooe ... o5 
1.00E+06 
1.00E+07 
1.00E+08 
1.00E+04 
1.00E+05 
1.00E+06 
1.00E+07 
1.00E+08 
200 t.OOE+04 
200 1.00E-t05 
200 1 .OOE+06 
200 1.00E+07 
200 1.00E+08 
200 t.OOE+04 
200 t.OOE+05 
200 t.00E+06 
200 1.00E+07 
200 1.00E+08 
200 1.00E+04 
200 1.00E+05 
200 1.00E+06 
200 1 .OOE+07 
200 t.OOE+OB 
200 1.00E+04 
200 t.OOE+05 
200 t.00E+06 
200 1.00E+07 
200 1.0DE +08 
200 1.00E+04 
200 1.00E+05 
200 1.00E+06 
200 1.00E+07 
200 
200 
200 
200 
200 
200 
200 
200 
1.00E+08 
1,00E+04 
1.00E+05 
1.00E+06 
1.00E+07 
t.OOE-tOB 
1,00E+04 
1.00E-t05 
200 t.OOE+06 
30000 0.71428571 
30000 0.71428571 
30000 0.71428571 
30000 0.71428571 
30000 0.71428571 
30000 0.83333333 
1.25 
1.25 
1.25 
1.25 
1.25 
2.45 0.12232416 1.737176245 
2.45 1.22324159 3.089184748 
2.45 12.2324159 5.493433632 
2.45 122.324159 9.768859917 
2.45 1223.24159 17.37176245 
1.44 0.12232416 1.166114479 
30000 0.83333333 1 1.44 1.22324159 2.073677368 
3.687577766 
6.557543615 
11.66114479 
0.773719218 
1.375888954 
2.446714998 
4.350942904 
7.73719218 
0.493183198 
0.877017526 
1.55958221 
30000 0.83333333 1 1.44 12.2324159 
30000 0.83333333 1 1.44 122.324159 
30000 0.83333333 1 1.44 1 223.24159 
30000 1 0.83333333 0.63333333 0.12232416 
30000 1 0.83333333 0.83333333 1.22324159 
30000 1 0.83333333 0.83333333 12.2324159 
30000 1 0.83333333 0.83333333 122.324159 
30000 1 0.83333333 0.83333333 1223.24159 
30000 1.25 0.71428571 0.45714286 0.12232416 
30000 1.25 0.71428571 0.45714286 1.22324159 
30000 1.25 0.71428571 0.45714286 12.2324159 
30000 1.25 0.71428571 0.45714286 122.324159 2.773372931 
4.93183198 
6.003116837 
10.67521907 
18.98352226 
33.75800677 
60.03116837 
30000 1.25 0.71428571 0.45714286 1223.24159 
30000 0.625 5 12.8 0.12232416 
30000 
30000 
30000 
30000 
0.625 
0.625 
0.625 
0.625 
30000 0.71428571 2.5 
30000 0.71428571 2.5 
30000 0.71428571 2.5 
30000 0.71428571 2.5 
30000 0.71428571 2.5 
30000 0.83333333 1.66666667 
30000 0.83333333 1,68666667 
30000 0.83333333 1.66666667 
30000 0.83333333 1.66666667 
30000 0.83333333 1.66666667 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
1.25 
1.25 
1.25 
30000 1.25 
30000 1.25 
30000 0.83333333 
30000 0.83333333 
30000 0.83333333 
30000 0.83333333 
30000 0.83333333 
30000 
30000 
30000 
1.25 
1.25 
1.25 
1.25 
1.25 
2.5 
2.5 
2.5 
12.8 1.22324159 
12.8 12.2324159 
12.8 122.324159 
12.8 1223.24159 
4.9 0.12232416 2.921570554 
4.9 1.22324159 5.195368762 
4.9 12.2324159 9.238817296 
4.9 122.324159 16.42919857 
4.9 1223.24159 29.21570554 
2.4 0.12232416 1.710518399 
2.4 1.22324159 3.04177965 
2.4 12.2324159 5.409134121 
2.4 122.324159 9.618951833 
2.4 1223.24159 17.10518399 
1.25 0.12232416 1.048701353 
1.25 1.22324159 1.864884024 
1.25 12.2324159 3.316284862 
1.25 122.324159 5.897281088 
1.25 1223.24159 10.48701353 
0.64 0.12232416 0.634752323 
0,64 1.22324159 1.128766987 
0.64 12.2324159 2.007263092 
0.84 122.324159 3,569474627 
0.64 1223.24159 6,347523234 
7.2 0.12232416 3.899138762 
7.2 1.22324159 6.933758177 
7.2 12.2324159 12.3301594 
7.2 122.324159 21.92646858 
7.2 1223.24159 
2.5 0.12232416 
2.5 1.22324159 
2.5 12.2324159 
30000 2.5 2.5 122.324159 
30000 
30000 
30000 
30000 
1 2.5 2.5 1223.24159 
38,99138762 
1. 763698417 
3.136348581 
5.577304105 
9.918005053 
17.63698417 
0.931088283 
1.655735123 
1.25 1.66686667 1.06666667 0.12232416 
1.25 1.66666687 1.06666667 1.22324159 
1.25 1.66668667 1.06666687 12.2324159 2.944359677 
average veUrr ttme taken 
/mla lyra 
1.13E-01 3.05285319 
3.59E-02 5.42882598 
1.13E-02 9.65396945 
3.59E-03 17.1674551 
1.13E-03 30.5285319 
4.93E-02 10.636086 
1.56E·02 18.9139327 
4.93E-o3 33.6342571 
1.56E-03 59.8111068 
4.93E-04 106.36086 
2.22E-02 35,1633239 
7.03E-03 62.530215 
2.22E-03 111.196194 
7.03E-04 197.737902 
2.22E-04 351.633239 
9.79E-03 120.382493 
3.1 OE-03 214.073708 
9.79E-04 380.682868 
3.10E-04 676.960506 
9.79E-05 1203.82493 
3.9BE·03 464.824133 
1.26E-03 826.587185 
3.9BE·04 1469.90297 
1.26E·04 2613.89819 
3.9BE-05 4648.24133 
5.B9E-01 0.25n4076 
1.66E-01 0.45833508 
5.B9E-02 0.81504783 
1.86E-02 1.44938278 
5.89E-03 2.57740756 
1.40E·01 2.23596164 
4.41 E-02 3.97616455 
1.40E-02 7.07073155 
4.4tE-03 12.5737363 
1.40E-03 22.3596164 
4.7BE-02 11.1411555 
1.51E-02 19,8120874 
4.7BE-03 35.2314271 
1.5tE-03 62.6513214 
4.7BE-04 111.411555 
1.80E·02 48.3457163 
5.69E-03 85.9721919 
1 .80E-03 152.882579 
5.69E-04 271.867942 
1.80E-04 4113.457163 
6.59E·03 218.022135 
2.08E-03 387.704273 
6.59E-04 689.446526 
2.0BE·04 1226.02856 
6.59E-05 2180.22135 
2.49E-01 0.940605211 
7 .B&E-02 1.672659 
2.49E-o2 2.97445506 
7.86E-o3 5.28941219 
2.49E-03 9.40605279 
5.09E·02 10.1634349 
1.61E·02 18.073427 
5,09E·03 32.1396031 
t.61E·03 57.1531945 
5.09E-04 101.634349 
1.42E·02 69.07811122 
4.48E·03 122.840309 
t.42E·03 2111.444393 
Atibaia 
Alibaia 
Altbaia 
Atibaia 
Alibaia 
Atibaia 
Attbaia 
Atibaia 
Atibaia 
Atibaia 
Atibaia 
Attbala 
At1bala 
Atibaia 
Atibaia 
Alibaia 
Atrbaia 
Atibaia 
Atlbaia 
Attbala 
A!1baia 
Attbaia 
Atibaia 
Atibaia 
Atibaia 
Atibaia 
Atibala 
Atibaia 
Alibaia 
Atibaia 
Atibaia 
Atibaia 
Atibaia 
Atibaia 
Atibaia 
Altbaia 
Atibaia 
Alibaia 
Atlbaia 
Alibaia 
Alibaia 
Atlbaia 
Alibaia 
Atibaia 
Altbala 
Atlbaia 
Alibala 
Alibaia 
Atlbala 
Atlbaia 
Atibata 
Atibala 
Alibaia 
Allbala 
Atibala 
Atibaia 
Atibala 
Alibala 
Atlbaia 
Atlbaia 
Atibaia 
Atibaia 
Atibaia 
Atibaia 
Alibaia 
AHbala 
Atlbala 
Atibaia 
Atibaia 
Atibala 
Allbala 
10500 5750 5000 3.02E+1 1 
10500 5750 5000 3.02E+ 11 
10500 5750 5000 3.02E+11 
10500 
10500 
10500 
10500 
10500 
5750 
5750 
5750 
5750 
5750 
5000 
5000 
5000 
5000 
5000 
3.02E+11 
3.02E+1 1 
3.02E+11 
3.02E+11 
3.02E+11 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+ 11 
10500 5750 5000 3.02E+ 1 1 
10500 5750 5000 3.02E+11 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
5750 
5750 
5750 
5750 
5750 
5750 
5750 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
3.02E+1 1 
3.02E+11 
3.02E+11 
3.02E+11 
3.02E+1 1 
3.02E+11 
3.02E+11 
10500 5750 5000 3.02E+ 1 1 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+ 11 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+ 1 1 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+1 1 
10500 5750 5000 3.02E+ 1 1 
10500 5750 5000 3.02E+1 1 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+ 1 1 
10500 5750 5000 3.02E+ 1 1 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+ 11 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+t1 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+11 
10500 5750 sooo 3.02E+11 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+1 1 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+11 
10500 5750 sooo 3.02E+11 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+t1 
1 osoo 5750 5000 3.02E+ 11 
10500 5750 5000 3.02E+11 
10500 5750 sooo 3.02E+11 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+ 11 
10500 5750 5000 3.02E+ 11 
10500 5750 5000 3.02E+11 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
5750 
5750 
5750 
5750 
5750 
5750 
5750 
5750 
5750 
5750 
5750 
5750 
5750 
5750 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
3.02E+11 
3.02E+11 
3.02E+11 
3.02E+11 
3.02E+11 
3.02E+11 
3.02E+11 
3.02E+11 
3.02E+11 
3.02E+11 
3.02E+11 
3.02E+11 
3.02Et11 
3.02E+11 
10500 
10500 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
1000 
1000 
1000 
1000 
700 
700 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
800 
BOO 
BOO 
BOO 
800 
800 
800 
BOO 
eoo 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
900 
900 
900 
900 
550 
550 
750 
750 
750 
750 
750 
700 
700 
700 
700 
700 
650 
650 
650 
650 
650 
600 
600 
600 
600 
600 
550 
550 
550 
550 
550 
750 
750 
750 
750 
750 
700 
700 
700 
700 
700 
650 
650 
650 
650 
650 
600 
600 
600 
600 
600 
550 
550 
550 
550 
550 
650 
650 
650 
650 
650 
600 
600 
eoo 
600 
600 
550 
550 
550 
550 
550 
750 
750 
750 
750 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
150 
150 
150 
150 
150 
150 
150 
200 
200 
200 
200 
200 
250 
250 
250 
250 
250 
300 
300 
300 
300 
300 
350 
350 
350 
350 
350 
50 
so 
50 
so 
so 
100 
100 
100 
100 
100 
150 
150 
150 
150 
150 
200 
200 
200 
200 
200 
250 
250 
250 
250 
250 
50 
so 
so 
so 
50 
100 
100 
100 
100 
100 
150 
150 
150 
150 
150 
150 
150 
150 
150 
200 
200 
400 
400 
400 
400 
400 
350 
350 
350 
350 
350 
300 
300 
300 
300 
300 
250 
250 
250 
250 
250 
200 
200 
200 
200 
200 
400 
400 
400 
400 
400 
350 
350 
350 
350 
350 
300 
300 
300 
300 
300 
250 
250 
250 
250 
250 
200 
200 
200 
200 
200 
300 
300 
300 
300 
300 
250 
250 
250 
250 
250 
200 
200 
200 
200 
200 
400 
400 
400 
400 
200 1.00E+07 
200 t.OOE+OB 
200 1.00E+04 
200 
200 
200 
200 
200 
1.00E+05 
1.00E+06 
1.00E+07 
1.00E+OB 
1.00E+04 
200 1.00E+05 
200 1.00E-t06 
200 1.00E+07 
200 1.00E+OB 
200 I.OOE+04 
200 
200 
200 
200 
200 
200 
200 
1.00E+05 
1.00E+06 
1.00E+07 
1.00E+08 
1.00E+04 
1.00E+05 
1.00E+06 
200 1.00E+07 
200 I.OOE+OB 
200 1.00E+04 
200 1.00E-t05 
200 1.00E+06 
200 1.00E+07 
200 t.OOE-t08 
200 1.00E+04 
200 I.OOE+OS 
200 t.OOE+06 
200 t.00E+07 
200 1.00E+OB 
200 1.00E-t04 
200 t.OOE+05 
200 1.00E+06 
200 1.00E+07 
200 t.OOE+OB 
200 1.00E-t04 
200 1.00E-t05 
200 1.00E+06 
200 1.00E-t07 
200 1.00E+08 
200 1.00E+04 
200 1.00E-t05 
200 1.00E +06 
200 t.OOE+07 
200 1.00E+08 
200 1.00E+04 
200 1.00E+05 
200 1.00E+06 
200 1.00E+07 
200 t.OOE+OB 
200 t.OOE+04 
200 1.00E+05 
200 1.00E+06 
200 1.00E+07 
200 1.00E+08 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
1,00E-t04 
1.00E+05 
1.00Et06 
t.OOE+07 
t.OOE+OB 
t.o0E+04 
1.00E+05 
1.00E-t06 
1.00E+07 
1.00Et08 
1,00E+04 
t.00E+05 
1.00E+06 
t.OOEt07 
30000 
30000 
30000 
1.25 1.66666667 1.06666667 122.324159 5.235894189 
1.25 1.66666667 1.06666667 1223.24159 9.31088283 
0.625 1.66666667 4.26666667 0.12232416 2.633515355 
30000 0.625 1.66666667 4.26666667 1.22324159 4.683126132 
8.327906775 
14.80934515 
26.33515355 
1. 737176245 
30000 0.625 1.66666667 4.26666667 12.2324159 
30000 0.625 1.66666667 4.26666667 122.324159 
30000 0.625 1.66666667 4.26666667 1223.24159 
30000 0.71428571 
30000 0.71428571 
30000 0.71428571 
30000 0.71428571 
30000 0.71428571 
30000 0.83333333 
30000 0.83333333 
30000 0.83333333 
30000 0.83333333 
30000 0.83333333 
1.25 
1.25 
1.25 
1.25 
1.25 
2.45 0.12232416 
2.45 1.22324159 3.089184748 
2.45 12.2324159 5.493433632 
2.45 122.324159 9.768859917 
2.45 1223.24159 17.37176245 
1.44 0.12232416 1.166114479 
1.44 1.22324159 
1.44 12.2324159 
1.44 122.324159 
1.44 1223.24159 
30000 1 0.83333333 0.83333333 0.12232416 
2.073677368 
3.687577766 
6.557543615 
11.66114479 
0.773719218 
1.375888954 
2.446714998 
30000 1 0.83333333 0.83333333 1.22324159 
30000 1 0.83333333 0.83333333 12.2324159 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
0.83333333 0.83333333 122.324159 4.350942904 
0.83333333 0.83333333 1223.24159 7.73719218 
1.25 0.71428571 0.45714286 0.12232416 0.493183198 
1.25 0.71428571 0.45714286 1.22324159 0.877017526 
1.25 0.71428571 0.45714286 12.2324159 1.55958221 
1.25 0.71428571 0.45714286 122.324159 2.773372931 
1.25 0.71428571 0.45714286 1223.24159 4.93183198 
0.625 5 12.8 0.12232416 6.003116837 
0.625 
0.625 
30000 0.625 
30000 0.625 
30000 0.71428571 
30000 0.71428571 
30000 0.71428571 
30000 0.71428571 
2.5 
2.5 
2.5 
2.5 
30000 0.71428571 2.5 
30000 0.83333333 1.66666667 
30000 0.83333333 1.66666667 
30000 0.83333333 1.66666667 
30000 0.83333333 1.66666667 
30000 0.83333333 1.66666667 
30000 1.25 
30000 
30000 
30000 
30000 
30000 1.25 
30000 1.25 
30000 1.25 
30000 1.25 
30000 1.25 
1.25 
1.25 
1.25 
1.25 
12.8 1.22324159 10.67521907 
12.8 12.2324159 18.98352226 
12.8 122.324159 33.75800677 
12.8 1223.24159 60.03116837 
4.9 0.12232416 2.921570554 
4.9 1.22324159 5.195368762 
4.9 12.2324159 9.238817296 
4.9 122.324159 16.42919857 
4.9 1223.24159 29.21570554 
2.4 0.12232416 1.710518399 
2 4 1.22324159 3.04177965 
2.4 12.2324159 5.409134121 
2.4 122.324159 9.618951833 
2.4 1223.24159 17.10518399 
1.25 0.12232416 1.048701353 
1.25 1.22324159 1.864884024 
1.25 12.2324159 3,316284862 
1.25 122.324159 5.897281088 
1.25 1223.24159 10.48701353 
0.64 0.12232416 0.634752323 
0.64 1.22324159 1.128766987 
0.64 12.2324159 2.007263092 
0.64 122.324159 3.569474627 
0.64 1223.24159 6.347523234 
7.2 0.12232416 3.899138762 
7.2 1.22324159 6.933758177 
7.2 12.2324159 12.3301594 
7.2 122.324159 21.92646858 
7.2 1223.24159 38,99138762 
30000 0.83333333 
30000 0.83333333 
30000 0.83333333 
30000 0.83333333 
30000 0.83333333 
30000 2.5 2.5 0.12232416 1,763698417 
3.136348581 
5.577304105 
9.918005053 
17.63698417 
0.931088283 
1.655735123 
2.944359677 
5.235894189 
9.31088283 
2.633515355 
4.683126132 
8.327906775 
14.80934515 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
2.5 2.5 1.22324159 
2.5 2.5 12.2324159 
2.5 2.5 122.324159 
2.5 2.5 1223.24159 
1.25 1.66666667 1.06666667 0.12232416 
1.25 1.66666667 1.06666667 1.22324159 
1.25 1.66666667 1.06666667 12.2324159 
1.25 1.66666667 1.06666667 122.324159 
1.25 1.66666667 1.06666667 1223.24159 
0.625 1.66866667 4.26666667 0.12232416 
0.625 1.66666667 4.26666667 1.22324159 
0.625 1.66666667 4.26666667 12.2324159 
0.625 1,66666667 4.26666667 122.324159 
4.4BE-04 388.455165 
1.42E-04 690.781822 
1.13E-01 6.41099171 
3.59E-02 11.4005345 
1. 13E ·02 20.2733359 
3.59E-03 36.0516557 
t.t3E-03 64.1099171 
4.93E-02 22.3357805 
1.56E-02 39.7192586 
4.93E-03 70.6319398 
1.56E-03 125.603324 
4.93E-04 223.357805 
2.22E-02 73.8429803 
7.03E-03 131.313451 
2.22E-03 233.512007 
7.03E-04 415.249594 
2.22E-04 738.429803 
9.79E-03 252.803235 
3.tOE-03 449.554788 
9.79E-04 799.434023 
3.10E-04 1421.61706 
9.79E-os 2528.03235 
3.9BE-03 976.130679 
1.26E-o3 1735.83309 
3.9BE-04 3086.79624 
1.26E-04 5489.1862 
3.9BE-05 9761.30679 
5.89E-01 0.54125559 
1.86E-01 0.96250367 
5.B9E-02 1.71160045 
1.86E-02 3.04370384 
5.89E-03 5.41255587 
1.40E-01 4.69551945 
4.41E-02 8.34994555 
1.40E-02 14.8485363 
4.4tE-03 26.4048463 
1.40E-03 46.9551945 
4.7BE-02 23.3964265 
1.51E-02 41.6053835 
4.7BE-03 73.9859969 
1.51E·03 131.567775 
4.7BE-04 233.964265 
I.BOE-02 101.526004 
5.69E·03 180.541603 
l.BOE-03 321.053415 
5.69E-o4 570.922678 
1.BOE·04 1015.26004 
6.59E-03 457.846483 
2.0BE-03 814.178973 
6.59E-04 1447.8377 
2.08£-04 2574.65998 
6.59E-05 4578.46483 
2.49E·01 1.97527109 
7.B6E-02 3,5125839 
2.49E-02 6,24635563 
7.86E·03 11.1077656 
2.49E·03 19.7527109 
5.09E·02 21.3432133 
1.61E·02 37.9541967 
5.09E-03 67,4931665 
t.BtE-03 120.021708 
5.09E·04 213.432133 
t.42E·02 145.06411!13 
4.4BE-03 257.964649 
t.-42E·03 458.733224 
4.48E-04 815.755847 
1.42E-04 1450.64183 
1.13E·01 32.0649585 
3.59E-02 67.0026727 
1.13E·02 101.366679 
3.59E·03 HI0.25827D 
Ahba1a 
A lib ala 
Atibaia 
Atibaia 
Atibaia 
At1baia 
Atibaia 
Atibaia 
Atibaia 
Atibaia 
Atibaia 
Atlbaia 
Atibaia 
Al1baia 
Atibaia 
Alibaia 
AtJbala 
Atibaia 
Atibala 
Atibala 
Atibaia 
Atibaia 
Atibala 
Atibaia 
At1bala 
Atibaia 
Atibala 
Atibaia 
Atibaia 
Al1baia 
Atibaia 
Atibaia 
Atibaia 
Atibaia 
Atibaia 
Atibaia 
Atibaia 
Atibaia 
At1baia 
Atibaia 
Atibaia 
At1baia 
At1baia 
Atibaia 
Alibaia 
Al1bala 
Allbala 
Atibala 
Atlbala 
Atlbala 
Atlbaia 
Allbala 
Atlbaia 
Altbaia 
Atlbaia 
Atlbaia 
Atibala 
Atlbala 
Atlbala 
Atibnla 
Atibala 
Pluton 
lmbiricu 
lmblllcu 
lmbirlcu 
lmblrlcu 
lmbllicu 
lmblrlcu 
lmbhlcu 
1mblrlcu 
lmblrlcu 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
5750 
5750 
5750 
5750 
5750 
5750 
5750 
5750 
5750 
5750 
5750 
5750 
5750 
5750 
5750 
5750 
5750 
5750 
5750 
5750 
5750 
5750 
5750 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
3.02E+11 
3.02E+11 
3.02E+11 
3.02E+11 
3.02E+11 
3.02E+11 
3.02E+11 
3.02E+11 
3.02E+11 
3.02E+11 
3.02E+11 
3.02E+11 
3.02E+11 
3.02E+11 
3.02E+11 
3.02E+11 
3.02E+11 
3.02E+11 
3.02E+11 
3.02E+11 
3.02E+11 
3.02E+11 
3.02E+11 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+ 11 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+ 11 
10500 5750 5000 3.02E+ 11 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+ 11 
10500 5750 5000 3.02E+11 
1 o5oo 5750 5000 3.02E+11 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+ 11 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+ 11 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+11 
to5oo 5750 5000 3.02E+11 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E-+11 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+11 
10500 5750 5000 3.02E+11 
10500 
10500 
10500 
10500 
10500 
10500 
10500 
5750 
5750 
5750 
5750 
5750 
5750 
5750 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
3.02E+11 
3.02E+11 
3.02E+11 
3.02E+11 
3.02E+11 
3.02E+11 
3.02E+11 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
800 
800 
800 
800 
800 
800 
aoo 
aoo 
aoo 
900 
aoo 
aoo 
aoo 
aoo 
aoo 
aoo 
aoo 
aoo 
aoo 
aoo 
800 
800 
800 
aoo 
aoo 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
750 
700 
700 
700 
700 
700 
650 
650 
650 
650 
650 
600 
600 
600 
600 
600 
550 
550 
550 
550 
550 
750 
750 
750 
750 
750 
700 
700 
700 
700 
700 
650 
650 
650 
650 
650 
600 
600 
600 
600 
600 
550 
550 
550 
550 
550 
650 
650 
650 
650 
650 
600 
600 
600 
600 
600 
550 
550 
550 
550 
550 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
150 
200 
200 
200 
200 
200 
250 
250 
250 
250 
250 
300 
300 
300 
300 
300 
350 
350 
350 
350 
350 
50 
50 
50 
50 
50 
100 
100 
100 
100 
100 
150 
150 
150 
150 
150 
200 
200 
200 
200 
200 
250 
250 
250 
250 
250 
50 
50 
50 
50 
50 
100 
100 
100 
100 
100 
150 
150 
150 
150 
150 
400 
350 
350 
350 
350 
350 
300 
300 
300 
300 
300 
250 
250 
250 
250 
250 
200 
200 
200 
200 
200 
400 
400 
400 
400 
400 
350 
350 
350 
350 
350 
300 
300 
300 
300 
300 
250 
250 
250 
250 
250 
200 
200 
200 
200 
200 
300 
300 
300 
300 
300 
250 
250 
250 
250 
250 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
1.00E+08 
1.00E+04 
t.OOE-+05 
1.00E+06 
1.00E+07 
1.00E+08 
t.OOE+04 
1.00E+05 
t.OOE+06 
t.00E+07 
1.00E+08 
1.00E+04 
1.00E+05 
1.00E+06 
1.00E+07 
1.00E+08 
t.00E+04 
1.00E+05 
1.00E.06 
1.00E+07 
1.00E+08 
t.00E+04 
LooE.o5 
200 t.ooe.os 
200 1.00E+07 
200 1.ooe.oa 
200 1.00E+04 
200 t.ooE.o5 
200 1.00E+06 
200 1.00E+07 
200 t.OOE+OB 
200 1.00E+04 
200 t.OOE-t05 
200 t.OOE+06 
200 t.OOE+07 
200 1.ooe.os 
200 1.00E+04 
200 t.OOE+05 
200 1.00E+06 
200 t.OOEt07 
200 t.OOE+OB 
200 1.00E+04 
200 1.ooe.o5 
200 1.00E-t06 
200 1.00Et07 
200 1.00E+OB 
200 t.o0Et04 
200 t.00E+05 
200 1.00Et06 
200 1.00E+07 
200 1.00E+OB 
200 1.00E+04 
200 t.ooe .. o5 
200 1.00E+06 
200 
200 
200 
200 
200 
200 
200 
1.00E+07 
1.ooe.os 
1.00E+04 
1.00E+05 
1.00E+06 
1.ooe.o1 
1.00E+08 
30000 0.625 1.66666667 4.26666667 1223.24159 26.33515355 
1. 737176245 
3.089184748 
5.493433632 
9.768859917 
17.37176245 
1.166114479 
2.073677368 
3.687577766 
6.557543615 
11.66114479 
0.773719218 
1.375888954 
2.446714998 
4.350942904 
7.73719218 
0.493183198 
0.877017526 
1.55958221 
30000 0.71428571 
30000 0.71428571 
30000 0.71428571 
30000 0.71428571 
30000 0.71428571 
30000 0.83333333 
30000 0.83333333 
30000 0,83333333 
30000 0,83333333 
30000 0.83333333 
1.25 
1.25 
1.25 
1.25 
1.25 
2.45 0.12232416 
2.45 1.22324159 
2.45 12.2324159 
2.45 122.324159 
2.45 1223.24159 
1.44 0.12232416 
1.44 1.22324159 
1.44 12.2324159 
1.44 122.324159 
1.44 1223.24159 
30000 1 0.83333333 0.83333333 0.12232416 
30000 1 0.83333333 0.83333333 1.22324159 
30000 1 0.83333333 0.83333333 12.2324159 
30000 1 0.83333333 0.83333333 122.324159 
30000 1 0.83333333 0.83333333 1223.24159 
30000 1.25 0.71428571 0.45714286 0.12232416 
30000 1.25 0.71428571 0.45714286 1.22324159 
30000 
30000 
30000 
30000 
30000 
1.25 0.71428571 0.45714286 12.2324159 
1.25 0.71428571 0.45714286 122.324159 
1.25 0.71428571 0.45714286 1223.24159 
0.625 5 12.8 0.12232416 
2.773372931 
4.93183198 
6.003116837 
10.67521907 0.625 
30000 0.625 
30000 0.625 
30000 0.625 
30000 0.71428571 2.5 
30000 0.71428571 2.5 
30000 0.71428571 2.5 
30000 0.71428571 2.5 
30000 0.71428571 2.5 
30000 0.83333333 1.66666667 
30000 0.83333333 1.66666667 
30000 0.83333333 1.66666667 
30000 0.83333333 1.66666667 
30000 0.83333333 1.66666667 
30000 
30000 
30000 
30000 
30000 1 
30000 1.25 
30000 1.25 
30000 1.25 
30000 1.25 
30000 1.25 
30000 0.83333333 
30000 0.83333333 
30000 0.83333333 
30000 0.83333333 
30000 0.83333333 
30000 
30000 
30000 
1.25 
1.25 
1.25 
1.25 
1.25 
2.5 
2.5 
2.5 
12.8 1.22324159 
12.8 12.2324159 18.98352226 
12.8 122.324159 33.75800677 
12.8 1223.24159 60.03116837 
4.9 0.12232416 2.921570554 
4.9 1.22324159 5.195368762 
4.9 12.2324159 9.238817296 
4.9 122.324159 16.42919857 
4.9 1223.24159 29.21570554 
2.4 0.12232416 1.710518399 
2.4 1.22324159 3.04177965 
2.4 12.2324159 5.409134121 
2.4 122.324159 9.618951833 
2.4 1223.24159 17.10518399 
1.25 0.12232416 1.048701353 
1.25 1.22324159 1.864884024 
1.25 12.2324159 3.316284862 
1.25 122.324159 5.897281088 
1.25 1223.24159 10.48701353 
0.64 0.12232416 0.634752323 
0.64 1.22324159 1.128766987 
0.64 12.2324159 2.007263092 
0.64 122.324159 3.569474627 
0.64 1223.24159 6.347523234 
7.2 0.12232416 3.899138762 
7.2 1.22324159 6.933758177 
7.2 12.2324159 12.3301594 
7.2 122.324159 21.92646858 
7.2 1223.24159 38.99138762 
2.5 0.12232416 1.763698417 
2.5 1.22324159 3.136348581 
2.5 12.2324159 5.577304105 
30000 2.5 2.5 122.324159 9.918005053 
17.63698417 
0.931088283 
1.655735123 
2.944359677 
5.235894189 
9.31088283 
30000 
30000 
30000 
30000 
30000 
30000 
2.5 2.5 1223.24159 
1.25 1.66666667 1.06666667 0.12232416 
1.25 1.66666667 1.06666667 1.22324159 
1.25 1.66666667 1.06666667 12.2324159 
1.25 1.66666667 1.06666667 122.324159 
1.25 1.66666667 1.06666667 1223.24159 
1.13E-03 320.549585 
4.93E·02 111.678903 
1.56E·02 198.596293 
4.93E-03 353.159699 
1.56E·03 628.016621 
4.93E-04 1116.78903 
2.22E·02 369.214901 
7 .03E-03 656.567257 
2.22E-03 1167.56003 
7.03E·04 2076.24797 
2.22E-04 3692.14901 
9.79E-03 1264.01618 
3.10E-03 2247.77394 
9.79E-04 3997.17011 
3.10E·04 7108.08531 
9.79E-05 12640.1618 
3.98E-03 4880.65339 
1.26E-03 8679.16544 
3.98E·04 15433.9812 
1.26E·04 27445.931 
3.98E·05 48806.5339 
5.89E-01 2.70627793 
1.86E·01 4.81251833 
5.89E·02 8.55800225 
1.86E-02 15.2185192 
5.89E -03 27.0627793 
1.40E·01 23.4775972 
4.41E·02 41.7497278 
1.40E-02 74.2426813 
4.41E-03 132.024231 
1.40E-03 234.775972 
4.78E·02 116.982133 
1.51E·02 208.026918 
4.78E-03 369.929984 
1.51E-03 657.838874 
4.78E-04 1169.82133 
1.80E·02 507.630022 
5.69E·03 902.708015 
1.80E-03 1605.26708 
5.69E-04 2854.61339 
t.BOE-04 5076.30022 
6.59E·03 2289.23241 
2.08E·03 4070.89487 
6.59E·04 7239.18852 
2.0BE·04 12873.2999 
6.59E·05 22892.3241 
2.49E·01 9.87635543 
7.86E·02 17.5629195 
2.49E-02 31.2317781 
7 .B6E·03 55.538828 
2.49E-03 98.7635543 
5.09E·02 106.716066 
1.61E·02 189.770984 
5.09E-03 337.465833 
t.61E-03 600.108542 
5.09E-04 1067.16066 
1.42E·02 725.320914 
4.4BE·03 1289.82325 
1.42E·03 2293.66612 
4.4BE-04 4078.77924 
1.42E-04 7253.20914 
length width depth volume lateral eldent Tm,lntlat Tw,lreel:lng Tlnl,lar llold Magma auperhoa1 Magma undarcoollng Density d!Haranca vlsco1lty Dyke length Slnt Sm amlslnfA2 ukHJgp dyke width ever ago velhT time takenlyr 
8250 4500 5000 1.86E•11 8250 900 750 350 150 400 200 1.00E+04 30000 0.625 1.66666667 4.26666667 0.12232416 2.633515355 1.13E-01 2.38918946 
8250 4500 5000 1.66E+t1 8250 900 750 350 150 
8250 4500 5000 1.86E+11 8250 900 750 350 150 
8250 4500 5000 1.B6E+11 8250 900 750 350 150 
8250 4500 5000 1.86E+11 8250 900 750 350 ISO 
8250 4500 5000 1.86E+11 8250 900 700 350 200 
8250 4500 5000 1.86E+11 8250 900 700 350 200 
8250 4500 5000 1.88E+11 8250 900 700 350 200 
8250 4500 5000 1.86E+ 11 8250 900 700 350 200 
400 
400 
400 
400 
350 
350 
350 
350 
200 1.00Et05 
200 1.00E+06 
200 1.00E-t07 
200 1.00Et08 
200 1.00Et04 
200 1.00E+05 
200 1.00Et06 
200 1.ooe.o1 
30000 0.625 1.66666667 4.26666667 1.22324159 
30000 0.625 1.66666667 4.26666667 12.2324159 
30000 0.625 1.66668667 4,26668667 122.324159 
30000 0.625 1.86666667 4.26668667 1223.24159 
2.45 0.12232416 
2.45 1.22324159 
2.45 12.2324159 
4.683126132 
a.327906ns 
14,80934515 
26.33515355 
1.737176245 
3.089184748 
5.493433632 
30000 0.71428571 
30000 0.71428571 
30000 0.71428571 
30000 0.71428571 
1.25 
1.25 
1.25 
1.25 2.45 122.324159 9.7611859917 
3.59E·02 4.24864642 
t.13E-o2 7.55528044 
3,59E-03 13.4353996 
1.13E·03 23.8918946 
4.93E·02 8.323119337 
1.56E·02 14.8022082 
4.93E·03 26.322462 
1.58E·03 46,80116923 
lmbiricu 
lmbirlcu 
lmblrlcu 
lmblricu 
lmbiricu 
lmblricu 
lmbiricu 
lmbiricu 
lmbiricu 
lmbiricu 
lmbiricu 
lmbiricu 
lmbiricu 
lmbiricu 
lmbiricu 
lmbiricu 
lmbirlcu 
lmbiricu 
lmbiricu 
lmbiricu 
lmbiricu 
lmbiricu 
lmbiricu 
lmbificu 
Jmbiricu 
lmbiricu 
lmbiricu 
lmbiricu 
lmbiricu 
lmbiricu 
lmbincu 
lmbiricu 
lmbiricu 
lmbiricu 
lmbiricu 
lmblricu 
lmbiricu 
lmbiricu 
lmbiricu 
lmbiricu 
lmbiricu 
lmbuicu 
lmbiricu 
lmbiricu 
lmbirlcu 
lmbiricu 
lmbiricu 
lmbiricu 
Jmbirlcu 
lmbidcu 
lmbiricu 
lmblrlcu 
lmbnicu 
lmblricu 
lmbiricu 
lmblrlcu 
lmblricu 
lmblricu 
lmbirlcu 
lmblrlcu 
lmblrlcu 
lmblricu 
lmblrlcu 
lmblricu 
lmblrlcu 
lmbhlcu 
lmblrlcu 
lmblrlcu 
lmblricu 
lmblrlcu 
lmbirlcu 
8250 4500 5000 1.86E+11 
8250 4500 5000 1.86E+ 1 1 
8250 4500 5000 1.86E+ 1 1 
8250 4500 5000 1.86E+ 11 
8250 4500 5000 1.86Et1 1 
8250 4500 5000 1.86E+1 1 
8250 4500 5000 1.86E+11 
8250 4500 5000 1.86E+11 
8250 4500 5000 1.86Et11 
8250 4500 5000 1.86E+11 
8250 4500 5000 1.86E+1 1 
8250 4500 5000 1.B6E-t11 
8250 4500 5000 1.86E-t11 
8250 4500 5000 1.86E+1 1 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
1.86E-t11 
1.86E-t11 
1.86E+11 
1.86E-t11 
1.86E+11 
1.86E+11 
1.86E-t11 
1.86E-t11 
1.86E+11 
1.86E-t11 
1.86E+11 
1.86Et11 
1.86E+11 
1.86Et11 
1.86E+11 
1.86E+11 
1.86E-t11 
1.86E-t11 
1.86E+11 
8250 4500 5000 1.86Et11 
8250 4500 5000 1.86E-t11 
8250 4500 5000 1.86E+ 11 
8250 4500 5000 1.86E+11 
8250 4500 5000 1.86E-t 11 
8250 4500 5000 1.86E-t 11 
8250 4500 5000 1.B6Et11 
8250 4500 5000 1.86E+ 11 
8250 4500 5000 1.86E-t 1 1 
8250 4500 5000 1.86E-t11 
8250 4500 5000 1.86Et11 
8250 4500 5000 1.86E-t11 
8250 4500 5000 1.86Et 11 
8250 4500 5000 1 .86E-t11 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
1.86E+11 
1.86E-t11 
1.66E-t11 
1.86E-t11 
1.86E+11 
1.B6Et11 
1.B6Et11 
1.86E+11 
1.86E-t11 
t.66E-t11 
1.86E+11 
1.86Et11 
1.86E-t11 
1.86E-t11 
8250 4500 5000 1.86E+11 
8250 4500 5000 1.86Et11 
8250 4500 5000 1.86E+ 11 
8250 4500 5000 1.86E+11 
8250 4500 5000 1.86Et 11 
8250 4500 5000 1.86E+ 11 
8250 4500 5000 1.86E+11 
8250 4500 5000 1.86E+11 
8250 4500 5000 1.66Et11 
8250 4500 5000 1.86E-t11 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
6250 
8250 
8250 
8250 
6250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
700 
650 
650 
650 
650 
650 
600 
600 
600 
600 
600 
550 
550 
550 
550 
550 
750 
750 
750 
750 
750 
700 
700 
700 
700 
700 
650 
650 
650 
650 
650 
600 
600 
600 
600 
600 
550 
550 
550 
550 
550 
650 
650 
650 
650 
650 
600 
600 
600 
600 
600 
550 
550 
550 
550 
550 
750 
750 
750 
750 
750 
700 
700 
700 
700 
700 
650 
650 
650 
650 
650 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
200 
250 
250 
250 
250 
250 
300 
300 
300 
300 
300 
350 
350 
350 
350 
350 
50 
50 
50 
50 
50 
100 
100 
100 
100 
100 
150 
150 
150 
150 
150 
200 
200 
200 
200 
200 
250 
250 
250 
250 
250 
50 
50 
50 
50 
50 
100 
100 
100 
100 
100 
150 
150 
150 
150 
150 
150 
150 
150 
150 
150 
200 
200 
200 
200 
200 
250 
250 
250 
250 
250 
350 
300 
300 
300 
300 
300 
250 
250 
250 
250 
250 
200 
200 
200 
200 
200 
400 
400 
400 
400 
400 
350 
350 
350 
350 
350 
300 
300 
300 
300 
300 
250 
250 
250 
250 
250 
200 
200 
200 
200 
200 
300 
300 
300 
300 
300 
250 
250 
250 
250 
250 
200 
200 
200 
200 
200 
400 
400 
400 
400 
400 
350 
350 
350 
350 
350 
300 
300 
300 
300 
300 
200 1 .00E+08 
200 1.00Et04 
200 t.OOE+OS 
200 l.OOE-+06 
200 1.00Et07 
200 1.00E+08 
200 t.OOE+04 
200 1.00Et05 
200 1.00E+06 
200 1.00Et07 
200 1.00E-t08 
200 1.00E+04 
200 1.00E-t05 
200 1.00E+06 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
1.00E+07 
1.00E+08 
1.00Et04 
1.00E-t05 
1.00E-t06 
1.00E-t07 
1.00E-t08 
1.00E+04 
1.00Et05 
1.00E-t06 
1.00E+07 
t.OOE-t08 
1.00E-t04 
I.OOE-tOS 
t.OOE-t06 
1.00E+07 
1.00E-t08 
1.00E-t04 
1.00E+05 
200 1.00E+06 
200 1.00E-t07 
200 1.00E+08 
200 t.o0E+04 
200 1.00E+05 
200 1.00Et06 
200 t.00E+07 
200 1.00E+OB 
200 1.00E-t04 
200 1 ,OOE-t05 
200 1 .ooe +06 
200 1.00E+07 
200 1.00E+08 
200 1.00E-t04 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
1.00E-t05 
1.00E-t06 
t.OOE-t07 
1.00E+08 
1.00Et04 
1.00E+05 
1.00E-t06 
1.00E-t07 
1.00E-t08 
1.00E-t04 
1.00E-t05 
1.00E+06 
1.00E+07 
1.00E-t08 
200 1.00E-t04 
200 t.OOE+OS 
200 t.OOE-t06 
200 1.00E+07 
200 1.00E+08 
200 1.00E+04 
200 1.00Et05 
200 1.00E+06 
200 t.00E+07 
200 1.00Et08 
30000 0.71428571 
30000 0.83333333 
30000 0. 83333333 
30000 0.83333333 
30000 0.83333333 
30000 0.83333333 
1.25 2.45 1223.24159 17.37176245 
1.44 0.12232416 1.166114479 
1.44 1.22324159 2.073677368 
1.44 12.2324159 3.687577766 
1.44 122.324159 6.557543615 
1.44 1223.24159 11.66114479 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
1 0.83333333 0.83333333 0.12232416 0.773719218 
1 0.83333333 0.83333333 1.22324159 1.375888954 
0.83333333 0.83333333 12.2324159 2.446714998 
0.83333333 0.63333333 122.324159 4.350942904 
1 0.83333333 0.83333333 1223.24159 7.73719218 
1.25 0.71428571 0.45714286 0.12232416 0.493183198 
1.25 0.71428571 0.45714286 1.22324159 0.877017526 
1.25 0.71428571 0.45714286 12.2324159 1.55958221 
30000 1.25 0.71428571 0.45714286 122.324159 2.773372931 
4.93183198 
6.003116837 
10.67521907 
18.98352226 
33.75800677 
60.03116837 
2.921570554 
5.195368762 
9.238817296 
16.42919857 
29.21570554 
1.710518399 
3.04177965 
5.409134121 
9.618951833 
17.10518399 
1.048701353 
1.864884024 
30000 1.25 0.71428571 0.45714286 1223.24159 
30000 0.625 5 12.8 0.12232416 
30000 0.625 5 12.8 1.22324159 
30000 
30000 
30000 
0.625 
0.625 
0.625 
30000 0.71428571 2.5 
30000 0.71428571 2.5 
30000 0.71428571 2.5 
30000 0.71428571 2.5 
30000 0.71428571 2.5 
30000 0.83333333 1.66666667 
30000 0.83333333 1.66666667 
30000 0.83333333 1.66666667 
30000 0.83333333 1.66666667 
30000 0.83333333 1.66666667 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
1.25 
1.25 
30000 1.25 
30000 1.25 
30000 1.25 
30000 0.83333333 
30000 0.83333333 
30000 0.83333333 
30000 0.83333333 
30000 0. 83333333 
30000 
1.25 
1.25 
1.25 
1.25 
1.25 
2.5 
12.8 12.2324159 
12.8 122.324159 
12.8 1223.24159 
4.9 0.12232416 
4.9 1.22324159 
4.9 12.2324159 
4.9 122.324159 
4.9 1223.24159 
2.4 0.12232416 
2.4 1.22324159 
2.4 12.2324159 
2.4 122.324159 
2.4 1223.24159 
1.25 0.12232416 
1.25 1.22324159 
1.25 12.2324159 3.316284862 
1.25 122.324159 5.897281088 
1.25 1223.24159 10.48701353 
0.64 0.12232416 0.634752323 
0.64 1.22324, 59 1.128766987 
0.64 12.2324159 2.007263092 
0.64 122.324159 3.569474627 
0.64 , 223.24159 6.347523234 
7.2 0.12232416 3.899138762 
7.2 1.22324159 6.933758177 
7.2 12.2324159 12.3301594 
7.2 122.324159 21.92646858 
7.2 1223.24159 38.99138762 
2.5 0.12232416 1.763698417 
30000 2.5 2.5 1.22324159 3.136348581 
5.577304105 
9.918005053 
17.63698417 
0,931088283 
1.655735123 
2.944359677 
5,235694189 
9.31088283 
2,633515355 
4,683126132 
8.327906775 
14.60934515 
26.33515355 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
2.5 2.5 12.2324159 
2.5 2.5 122.324159 
1 2.5 2.5 1223.24159 
1.25 1.66666667 1.06666667 0.12232416 
1.25 1.66666667 1.06666667 1.22324159 
1.25 1.66666667 1.06666667 12.2324159 
1.25 1.66666667 1.06866667 122.324159 
1.25 1.66666667 1.06666667 1223.24159 
0.625 1.66666667 4,26666667 0.12232416 
0.625 1.66666667 4.26666667 1.22324159 
0.625 1.66666667 4.26666667 12.2324159 
0.625 1.66666667 4.26686667 122.324159 
0.625 1.68666667 4.26666667 1223.24159 
30000 0.71428571 
30000 0.71428571 
30000 0.71426571 
30000 0. 71428571 
30000 0. 71428571 
30000 0.83333333 
30000 0.83333333 
30000 0.83333333 
30000 0.63333333 
30000 0.83333333 
1.25 
1.25 
1.25 
1.25 
1.25 
2.45 0.12232418 1.737176245 
2.45 1.22324159 3.089184748 
2.45 12.2324159 5.493433632 
2.45 122.324159 9.768859917 
2.45 1223.24159 17.37176245 
1.44 0.12232416 1.166114479 
1.44 1.22324159 2.073677368 
1.44 12.2324159 3.687577766 
1.44 122.324159 6,557543615 
1.44 1223.24159 11.66114479 
4.93E-04 83.2389337 
2.22E·02 27.5191231 
7.03E·03 48.93669 
2.22E·03 87.0231082 
7.03E·04 154.751401 
2.22E·04 275.191231 
9.79E·03 94.2123858 
3.10E·03 167.535946 
9.79E-04 297.925723 
3.10E-04 529.795179 
9.79E·OS 942.123858 
3.98E -03 363.775408 
1.26E-03 646.894318 
3.98E·04 1150.35885 
1.26E-04 2045.65945 
3.9BE-05 3637.75408 
5.89E-01 0.20171016 
1.8GE-01 0.35669702 
5.89E-02 0.63786352 
1.86E·02 1.13429957 
5.89E-03 2.01710156 
1.40E·01 1.74988302 
4.41E-02 3.11176095 
1.40E-02 5.53361599 
4.41E·03 9.84031539 
1.40E·03 17.4986302 
4.7BE·02 8.71916516 
1.51E·02 15.5051119 
4.78E-03 27.5724212 
1.51E·03 49.0314689 
4.7BE-04 87.1916516 
1.80E-02 37.835778 
5.69E-03 67.282585 
1.80E-03 119.647236 
5.69E·04 212.766215 
1.BOE·04 378.35778 
6.59E·03 170.626018 
2.08E-03 303.420735 
6 59E-04 539.566846 
2.0BE-04 959.500613 
6.59E·OS 1706.26018 
2.49E-01 0.73612587 
7.86E-02 1.30903748 
2.49E-02 2.3278344 
7.86E-03 4.13953998 
2.49E·03 7.36125871 
5.09E-02 7.95399252 
1.61E·02 14.1444211 
5.09E-03 25.1527329 
1.61E·03 44.728587 
5.09E·04 79.5399252 
1.42E-02 54.0611861 
4.48E·03 96.1356941 
1.42E-03 170.956481 
4.48E·04 304.00839 
1.42E·04 540.611861 
1.13E·01 4.92770325 
3.59E·02 8.76263323 
1.13E·02 15.5827659 
3.59E-03 27.7105118 
1.13E-03 49.2770325 
4.93E-02 17.1680301 
1.56E·02 30.5295544 
4.93E·03 54.290078 
1.56E·03 96.5429278 
4.93E·04 171.680301 
2.22E·02 56,7581914 
7.03E·03 100.931923 
2.22E·03 179.485161 
7.03E·04 319.174766 
2.22E·04 667,581914 
lmbiricu 
lmbiricu 
lmbiricu 
lmbiricu 
lmbiricu 
lmbiricu 
lmbiricu 
lmbiricu 
lmbiricu 
lmbiricu 
lmblficu 
lmbiricu 
lmbitlcu 
lmbiricu 
lmbiricu 
tmbiricu 
lmbiricu 
lmbirlcu 
lmbiricu 
lmbiricu 
lmbiricu 
lmblricu 
lmblricu 
lmbiricu 
lmbiricu 
lmbiricu 
lmblricu 
lmbiricu 
lmbiricu 
lmblricu 
lmbiricu 
lmbiricu 
lmbiricu 
lmbiricu 
lmbiricu 
tmbiricu 
tmbiricu 
lmbiricu 
tmblricu 
lmbiricu 
lmbilicu 
lmbirlcu 
lmbirlcu 
tmblricu 
lmbiricu 
lmbirlcu 
tmbiricu 
[mblricu 
lmbiricu 
lmbiricu 
lmblrk:u 
lmbirlcu 
lmbirlcu 
lmblricu 
lmbhlcu 
lmblricu 
lmblrlcu 
lmblricu 
lmbiricu 
lmblrlcu 
lmblricu 
lmbiricu 
lmblricu 
lmblricu 
tmblrlcu 
lmbiricu 
lmblrlcu 
lmblricu 
lmblrlcu 
lmblrlcu 
lmblrlcu 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
1.86E+11 
1.86E+11 
1.86E+11 
1.86E ... 11 
1.86E+11 
1.86E+11 
1.86E+11 
1.B6E+11 
1.86E+11 
1.86E ... 11 
1.86E+11 
1.86E+11 
1.86E+11 
1.86E+11 
1.B6E+11 
8250 4500 5000 1.86E+11 
8250 4500 5000 1.86E+11 
8250 4500 5000 1.86E+11 
8250 4500 5000 1.86E+11 
8250 4500 5000 1.86E+11 
8250 4500 5000 1.86E+11 
8250 4500 5000 1.86E+11 
8250 4500 5000 1.86E+11 
8250 4500 5000 1.86E+11 
8250 4500 5000 1.86E+11 
8250 4500 5000 1.86E+11 
8250 4500 5000 1.86E+11 
8250 4500 5000 1.86E+ 11 
8250 4500 5000 1.86E+11 
8250 4500 5000 1.86E+ 11 
8250 4500 5000 t.86E+11 
8250 4500 5000 1.B6E+11 
8250 4500 5000 1.86E+11 
8250 4500 5000 1.86E+ 11 
8250 4500 5000 1.86E+ 11 
8250 4500 5000 1.86E+ 11 
8250 4500 5000 1.86E+11 
8250 4500 5000 t.86E+11 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
t.86E+11 
1.B6E+11 
1.86E+11 
1.86E+11 
1.86E ... 11 
1.86E+11 
1.86E+11 
1.B6E+11 
t.86E+11 
1.86E+11 
1.86E+11 
1.B6E+11 
1.86E+t1 
1.86E+11 
1.86E+11 
1.88E+11 
1.86E ... 11 
1.86E+11 
1.86E+11 
1.86E+11 
8250 4500 5000 1.86E+ 11 
8250 4500 5000 1.86E+11 
8250 4500 5000 t.86E+ 11 
8250 4500 5000 t.86E+11 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
1.86E+11 
1.86E+11 
1.86E+11 
1.86E+11 
1.86E+11 
1.86E+11 
1.86E+11 
t.86E+11 
1.86E+11 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
600 
600 
600 
600 
600 
550 
550 
550 
550 
550 
750 
750 
750 
750 
750 
700 
700 
700 
700 
700 
650 
650 
650 
650 
650 
600 
600 
600 
600 
600 
550 
550 
550 
550 
550 
650 
650 
650 
650 
650 
600 
800 
600 
600 
600 
550 
550 
550 
550 
550 
750 
750 
750 
750 
750 
700 
700 
700 
700 
700 
650 
650 
650 
650 
650 
600 
600 
600 
600 
600 
550 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
300 
300 
300 
300 
300 
350 
350 
350 
350 
350 
50 
50 
so 
50 
50 
100 
100 
100 
100 
100 
150 
150 
150 
150 
150 
200 
200 
200 
200 
200 
250 
250 
250 
250 
250 
50 
50 
50 
50 
so 
100 
100 
100 
100 
100 
150 
150 
150 
150 
150 
150 
150 
150 
150 
150 
200 
200 
200 
200 
200 
250 
250 
250 
250 
250 
300 
300 
300 
300 
300 
350 
250 
250 
250 
250 
250 
200 
200 
200 
200 
200 
400 
400 
400 
400 
400 
350 
350 
350 
350 
350 
300 
300 
300 
300 
300 
250 
250 
250 
250 
250 
200 
200 
200 
200 
200 
300 
300 
300 
300 
300 
250 
250 
250 
250 
250 
200 
200 
200 
200 
200 
400 
400 
400 
400 
400 
350 
350 
350 
350 
350 
300 
300 
300 
300 
300 
250 
250 
250 
250 
250 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
1.00E+04 
1.00E+05 
1.00E+06 
1.00E+07 
1.00E+OB 
1.00E+04 
I.OOE+05 
1.00E+06 
1.00E ... 07 
1.00E+08 
1.00E+04 
1.00E+05 
1.00E+06 
1.00E+07 
1.00E+OB 
200 1.00E+04 
200 1.00E+05 
200 1.00E+06 
200 1.00E+07 
200 1.00E+OB 
200 1.00E+04 
200 1.00E+05 
200 1.00E+06 
200 1.00E+07 
200 1.00E+08 
200 1 .OOE+04 
200 1.00E+05 
200 1.00E+06 
200 1.00E+07 
200 1.00E+06 
200 t.OOE+04 
200 t.ooe .. o5 
200 1.00E+06 
200 1.00E+07 
200 t.OOE+OB 
200 1 .OOE+04 
200 1 .OOE+05 
200 1.00E+06 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
t.OOE+07 
1.00E+08 
1.00E+04 
1.00E+05 
1.00E+06 
1.00E+07 
1.00E+08 
t.OOE+04 
1.00E+05 
1.00E+06 
1.00E+07 
1.00E+08 
1.00E+04 
1.00E+05 
1.00E+06 
1.00E+07 
1.ooe ... o8 
1.00Et04 
1.00E+05 
1.00E+06 
200 1.00E+07 
200 1.00E+08 
200 1.00Et04 
200 1.00E+05 
200 
200 
200 
200 
200 
200 
200 
200 
200 
1.ooe .. o8 
I,OOE+07 
1.00E+08 
1.00E+04 
1.00E+05 
1.00E+08 
1.00Et07 
t.ooE .. o8 
I,OOE+04 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
1 0.83333333 0.83333333 0.12232416 
0.83333333 0.83333333 1.22324159 
0.83333333 0.83333333 12.2324159 
1 0.83333333 0.83333333 122.324159 
1 0.63333333 0.63333333 1223.24159 
1.25 0.71428571 0.45714286 0.12232416 
1.25 0.71426571 0.45714286 1.22324159 
1.25 0.71428571 0.45714286 12.2324159 
1.25 0.71428571 0.45714286 122.324159 
1.25 0.71428571 0.45714286 1223.24159 
0.825 5 12.8 0.12232416 
0.625 5 12.8 1.22324159 
0.625 
0.625 
0.625 
12.8 12.2324159 
12.8 122.324159 
12.8 1223.24159 
0.773719218 
1.375888954 
2.446714998 
4.350942904 
7.73719218 
0.493183198 
0.877017526 
1.55958221 
2.773372931 
4.93183198 
6.003116837 
10.67521907 
18.98352226 
33.75800677 
60.03116837 
30000 0.71428571 
30000 0.71428571 
30000 0.71428571 
30000 0.71428571 
30000 0.71428571 
2.5 
2.5 
2.5 
2.5 
2.5 
30000 0.83333333 1.66666667 
30000 0.83333333 1.66666667 
30000 0.83333333 1.66666667 
30000 0.83333333 1.66668667 
30000 0.83333333 1.66666667 
30000 
30000 
30000 
30000 
30000 
30000 
1 
1.25 
30000 1.25 
30000 1.25 
30000 1.25 
30000 1.25 
30000 0.83333333 
30000 0.83333333 
30000 0.83333333 
30000 0.83333333 
30000 0.83333333 
30000 
1.25 
1.25 
1.25 
1.25 
1.25 
4.9 0.12232416 2.921570554 
4.9 1.22324159 5.195368762 
4.9 12.2324159 9.238817296 
4.9 122.324159 16.42919857 
4.9 1223.24159 29.21570554 
2.4 0.12232416 1.710518399 
2.4 1.22324159 3.04177965 
2.4 12.2324159 5.409134121 
2.4 122.324159 9.618951833 
2.4 1223.24159 17.10518399 
1.25 0.12232416 1.048701353 
1.25 1.22324159 1.864884024 
1.25 12.2324159 3.316284862 
1.25 122.324159 5.897281088 
1.25 1223.24159 10.48701353 
0.64 0.12232416 0.634752323 
0.64 1.22324159 1.128766987 
0.64 12.2324159 2.007263092 
0.64 122.324159 3.569474627 
0.64 1223.24159 6.347523234 
7.2 0.12232416 3.899138762 
7.2 1.22324159 6.9337581TI 
7.2 12.2324159 12.3301594 
30000 
30000 
30000 
30000 
2.5 
2.5 
2.5 
2.5 
2.5 
7.2 122.324159 
7.2 1223.24159 
2.5 0.12232416 
2.5 1.22324159 
2.5 12.2324159 
2.5 122.324159 
2.5 1223.24159 
30000 1.25 1.86666867 1.06666667 0.12232416 
30000 1.25 1.66666667 1.06666667 1.22324159 
30000 1.25 1.66666667 1.06666867 12.2324159 
30000 1.25 1.66666667 1.06666667 122.324159 
30000 1.25 1.66666667 1.06666667 1223.24159 
30000 0.625 1.66666667 4.26666667 0.12232416 
30000 0.625 1.86666667 4.28666667 1.22324159 
30000 0.625 1,66666667 4.28666667 12.2324159 
30000 0.625 1.66666667 4.26666687 122.324159 
30000 0.625 1.66666667 4.26666867 1223.24159 
30000 0.71428571 1.25 2.45 0.12232418 
30000 0.71428571 1.25 2.45 1.22324159 
30000 0.71428571 1.25 2.45 12.2324159 
21.92646858 
38.99138762 
1.763698417 
3.136348581 
5.577304105 
9.918005053 
17.63698417 
0.931088283 
1.655735123 
2.944359677 
5.235894189 
9.31088283 
2.633515355 
4.683126132 
8.327906775 
14.80934515 
26.33515355 
1,737176245 
3.089184748 
5.493433632 
30000 0. 71428571 
30000 0.71428571 
30000 0.83333333 
30000 0.83333333 
1.25 
1.25 
2.45 122.324159 9.768859917 
2,45 1223.24159 17.37176245 
1.44 0.12232418 1.166114479 
1.44 1.22324159 2.073677368 
30000 0.83333333 1 1.44 12.2324159 
30000 0,83333333 1 1.44 122.324159 
30000 0.83333333 1 1.44 1223.24159 
30000 1 0,83333333 0.83333333 0.12232416 
30000 1 0,83333333 0,83333333 1.22324159 
30000 1 0.83333333 0,83333333 12.2324159 
30000 1 0.83333333 0.83333333 122.32-4159 
30000 1 0.83333333 0.83333333 1223.24159 
30000 1.25 0. 71-428571 0.-4571-4288 0.12232418 
3.687577766 
6.5575-43615 
11,66114-479 
0.773719218 
1.375888954 
2.-44671-4998 
4.350942904 
7.73719218 
0,493183198 
9.79E·03 194.313046 
3.1 OE-03 345.542888 
9.79E·04 614.471803 
3.1 OE-04 1092.70256 
9.79E-05 1943.13046 
3.9BE·03 750.28678 
1.26E·03 1334.21953 
3.9BE·04 2372.61512 
1.26E·04 4219.17262 
3.98E-05 7502.8678 
5.89E·01 0.4160272 
t.B6E·01 0.7398126 
5.89E-02 1.31559351 
1.86E·02 2.33949286 
5.89E·03 4.16027198 
1.40E·01 3.60913374 
4.41E·02 6.41804821 
1.40E·02 11.413083 
4.41E-03 20.2956505 
1.40E-03 36.0913374 
4.7BE·02 17.9832781 
1.51E·02 31.9792932 
4.7BE·03 56.8681187 
1.51E·03 101.127405 
4.7BE·04 179.832781 
1.80E·02 78.0362922 
5.69E-03 138.770332 
1.80E·03 246.772423 
5.69E·04 438.830319 
1.80E·04 780.362922 
6.59E·03 351.916163 
2.0BE·03 625.805267 
6.59E ·04 1112.85662 
2.08E·04 1978.97001 
6.59E·05 3519.16163 
2.49E-01 1.51825961 
7.86E·02 2.6998898 
2.49E-02 4.80115844 
7.86E-03 8,5378012 
2.49E·03 15.1825961 
5.09E·02 16.4051096 
1.61E·02 29.1728686 
5.09E·03 51.8775115 
1.61 E·03 92.2527106 
5.09E-04 164,051096 
1.42E·02 111.501196 
4.48E·03 198.280282 
1.42E·03 352.597742 
4.4BE·04 627.017305 
1.42E·04 1115.01196 
1.13E·01 19.710813 
3.59E·02 35.0513329 
1.13E-02 62.3310636 
3.59E·03 110.842047 
1.13E·03 197.10813 
4.93E·02 611.6721203 
1.56E·02 122.118218 
4.93E·03 217.160312 
t.56E·03 386.171711 
4.93E·04 686.721203 
2.22E·02 227.032766 
7.03E·03 403.727692 
2.22E·03 717.940642 
7,03E·04 1276.69906 
2.22E-04 2270.32766 
9.79E·03 777.252182 
3.10E·03 1382.17155 
9,79E·04 2457.88721 
3.10E·04 4370.81022 
9.79E·05 7772,52182 
3.98E·03 3001.14712 
lmbiricu 
lmbiricu 
lmbirlc:u 
lmbiricu 
lmbirlcu 
tmbiricu 
tmbirlc:u 
lmbiricu 
lmblrlcu 
lmbiricu 
lmbiricu 
lmbiricu 
lmbiricu 
lmbiricu 
lmbiricu 
lmblricu 
lmbiricu 
lmbiricu 
lmbiricu 
lmbiricu 
lmbirlcu 
lmbiricu 
lmbiricu 
lmbiricu 
lmbiricu 
lmbiricu 
lmbiricu 
lmbificu 
lmbiricu 
lmbiricu 
lmbiricu 
lmbiricu 
lmbiricu 
lmbiricu 
lmbiricu 
lmbiricu 
lmbi1icu 
lmbiricu 
lmbiricu 
lmbirtcu 
lmbiricu 
lmbiricu 
lmbiricu 
lmbilicu 
Pluton 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
MouoAzul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Mono Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
MouoAzul 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
t.B6E-t-11 
1.86E-t-11 
t.B6E-t-11 
1.86E-t-11 
1.B6E-t-11 
1.86E-t-11 
1.86E-t-11 
1.86E-t-11 
1.86E+11 
8250 4500 5000 1.86E-t-11 
8250 4500 5000 1.86E+11 
8250 4500 5000 1.86E+11 
8250 4500 5000 1.86E+ 11 
8250 4500 5000 t.B6E+ 11 
8250 4500 5000 1.86E+11 
8250 4500 5000 1.86E+1 1 
8250 4500 5000 1.86E+ 11 
8250 4500 5000 1.86E+11 
8250 4500 5000 1.86E+ 11 
8250 4500 5000 1.86E+11 
8250 4500 5000 1.86E+ 11 
8250 4500 5000 1.86E+11 
8250 4500 5000 1.86E+ 11 
8250 4500 5000 1.86E+ 11 
8250 4500 5000 1.86E-t- 11 
8250 4500 5000 1.86E+11 
8250 4500 5000 1.86E-t-11 
8250 4500 5000 1.86E+11 
8250 4500 50oo 1.86E+ 11 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
8250 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
1.86E+11 
1.86E-t-11 
1.86E-t-11 
1.B6E+11 
1.86E-t-11 
1.86E-t-11 
1.86E+11 
1.86E-t-11 
1.86E-t-11 
1.86E-t-11 
1.86E-t-11 
1.B6E+11 
1.86E+11 
8250 4500 5000 1.86E-t-11 
8250 4500 5000 1.86E+ 11 
length width depth volume 
12500 4500 5000 1.41E+11 
12500 4500 5ooo 1.41E+11 
12500 4500 5ooo 1.41E-t-11 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41E-t-11 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41Et11 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41E-t-11 
12500 4500 5000 t.41E+11 
12500 4500 5000 1.41E-t-11 
12500 4500 5000 t.41E+t1 
12500 4500 5000 1.41E-t-11 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 t.41E+11 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
lateral extent 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
900 
900 
900 
900 
800 
800 
800 
800 
800 
800 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
550 
550 
550 
550 
750 
750 
750 
750 
750 
700 
700 
700 
700 
700 
650 
650 
650 
650 
650 
600 
600 
600 
600 
600 
550 
550 
550 
550 
550 
650 
650 
650 
650 
650 
600 
600 
600 
600 
600 
550 
550 
550 
550 
550 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
50 
50 
50 
50 
50 
100 
100 
100 
100 
100 
150 
150 
150 
150 
150 
200 
200 
200 
200 
200 
250 
250 
250 
250 
250 
50 
50 
50 
50 
50 
100 
100 
100 
100 
100 
150 
150 
150 
150 
150 
200 
200 
200 
200 
400 
400 
400 
400 
400 
350 
350 
350 
350 
350 
300 
300 
300 
300 
300 
250 
250 
250 
250 
250 
200 
200 
200 
200 
200 
300 
300 
300 
300 
300 
250 
250 
250 
250 
250 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
1.00E+05 
1.00E-t-06 
1.00E-t-07 
t.OOE-t-08 
1.00E-t-04 
l.OOE-t-05 
1.00E-t-06 
1.00E+07 
1.00E+08 
200 1.00E+04 
200 I.OOE-t-05 
200 1.00E-t-06 
200 l.OOE-t-07 
200 1.00E+08 
200 t.OOE-t-04 
200 1.00E+05 
200 1.00E+06 
200 I.OOE-t-07 
200 1.00E+08 
200 1.00E+04 
200 t.00E+05 
200 1.00E-t-06 
200 1.00E+07 
200 1.00E-+08 
200 1.00E-+04 
200 1.00E-t-05 
200 1.00E-t-06 
200 1.00E+07 
200 1.00E+08 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
1.00E+04 
1.00E-t-05 
1.00Et06 
1.00E-t-07 
1.00Et08 
l.OOE-t-04 
1.00E+05 
1.00E+06 
1.00E-t-07 
1.00E+08 
1.00E+04 
1.00E-t-05 
1,00E-t-06 
200 l.OOE-t-07 
200 1.00E+OB 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
1.25 0.71428571 0.45714286 1.22324159 
1.25 0.71428571 0.45714286 12.2324159 
1.25 0.71428571 0.45714286 122.324159 
1.25 0.71428571 0.45714286 1223.24159 
o.8no17526 
1.55958221 
2.n3372931 
4.93183198 
6.003116837 
10.67521907 
18.98352226 
33.75800677 
60.03116837 
0.625 5 12.8 0.12232416 
0.625 5 12.8 1.22324159 
0.625 
0.625 
0.625 
30000 0.71428571 2.5 
30000 0.71428571 2.5 
30000 0.71428571 2.5 
30000 0.71428571 2.5 
30000 0.71428571 2.5 
30000 0.83333333 1.66666667 
30000 0.83333333 1.66666667 
30000 0.83333333 1.66666667 
30000 0.83333333 1.66666667 
30000 0.83333333 1.66666667 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
1.25 
1.25 
1.25 
1.25 
1.25 
30000 0.83333333 
30000 0.83333333 
30000 0.83333333 
30000 0.83333333 
30000 0.83333333 
30000 
30000 
30000 
30000 
30000 
1.25 
1.25 
1.25 
1.25 
1.25 
2.5 
2.5 
2.5 
2.5 
2.5 
12.8 12.2324159 
12.8 122.324159 
12.8 1223.24159 
4.9 0.12232416 2.921570554 
4.9 1.22324159 5.195368762 
4.9 12.2324159 9.238817296 
4.9 122.324159 16.42919857 
4.9 1223.24159 29.21570554 
2.4 0.12232416 1.710518399 
2.4 1.22324159 3.04177965 
2.4 12.2324159 5.409134121 
2.4 122.324159 9.618951833 
2.4 1223.24159 17.10518399 
1.25 0.12232416 1.048701353 
1.25 1.22324159 1.864884024 
1.25 12.2324159 3.316284862 
1.25 122.324159 5.897281088 
1.25 1223.24159 10.48701353 
0.64 0.12232416 0.634752323 
0.64 1.22324159 1.128766987 
0.64 12.2324159 2.007263092 
0.64 122.324159 3.569474627 
0.64 1223.24159 6.347523234 
7.2 0.12232416 
7.2 1.22324159 
7.2 12.2324159 
7.2 122.324159 
7.2 1223.24159 
2.5 0.12232416 
2.5 1.22324159 
2.5 12.2324159 
2.5 122.324159 
2.5 1223.24159 
3.899138762 
6.9337581n 
12.3301594 
21.92646858 
30000 1.25 1.66666667 1.06666667 0.12232416 
38.99138762 
1.763698417 
3.136348581 
5.5n30410S 
9.918005053 
17.63698417 
0.931088283 
1.655735123 
2.9443S96n 
30000 1.25 1.66666667 1.06666667 1.22324159 
30000 1.25 1.66666667 1.06666687 12.2324159 
30000 
30000 
1.25 1.66666667 1.06666667 122.324159 5.235894189 
1.25 1.66666667 1.06666667 1223.24159 9.31088283 
1.26E-03 5336.87813 
3.9BE·04 9490.46049 
1.26E-04 16876.6905 
3.98E-05 30011.4712 
5.B9E·01 1.66410879 
1.86E·01 2.9592504 
5.89E-02 5.26237405 
t.B6E-02 9.35797143 
5.89E-03 16.6410879 
1.40E·01 14.4365349 
4.41E-02 25.6721928 
1.40E-02 45.652332 
4.41E·03 81.1826019 
1.40E-03 144.365349 
4.7BE·02 71.9331126 
1.51E-02 127.917173 
4.7BE-03 227.472475 
1.51E-03 404.509618 
4.78E-04 719.331126 
1.80E-02 312.145169 
5.69E·03 555.081326 
1.80E-03 987.089693 
5.69E·04 1755.32128 
1.80E-04 3121.45169 
6.59E·03 1407.66465 
2.08E-03 2503.22107 
6.59E·04 4451.42648 
2.0BE-04 7915.88006 
6.59E-05 14076.6465 
2.49E-01 6,07303843 
7.86E-02 10.7995592 
2.49E-02 19.2046338 
7.86E-03 34.1512048 
2.49E·03 60.7303843 
5.09E-02 65,6204383 
1.61E-02 116.691474 
5.09E·03 207.510046 
1.61E·03 369.010842 
5.09E-04 656.204383 
1.42E-02 446.004785 
4.48E-03 793.121127 
1.42E·03 1410.39097 
4.48E-04 2508.06922 
1.42E-04 4460.04785 
Tm,lntlal Tw,treezlng Tlnt,tar lleld Magme superheat Magma undercoollng Density difference viscosity Dyke length Slnt Sm sm/slnf"-2 ukHigp dyke width average vellrr lime takenlyr 
900 750 350 150 400 200 1.00E+04 30000 0.625 1.66666667 4.26666667 0.12232416 2.633515355 1.13E-01 1.49324341 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
BOO 
750 
750 
750 
750 
700 
700 
700 
700 
700 
650 
650 
650 
B50 
B50 
BOO 
600 
600 
BOO 
600 
550 
550 
550 
550 
550 
750 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
150 400 200 I.OOE+05 30000 0.625 1.66666667 4.26666667 1.22324159 4.683126132 3.59E-02 2.65540401 
150 
150 
150 
200 
200 
200 
200 
200 
250 
250 
250 
250 
250 
300 
300 
300 
300 
300 
350 
350 
350 
350 
350 
50 
400 
400 
400 
350 
350 
350 
350 
350 
300 
300 
300 
300 
300 
250 
250 
250 
250 
250 
200 
200 
200 
200 
200 
400 
200 l.OOE-t-06 
200 
200 
200 
200 
200 
1.00E-t-07 
1.00E-t-08 
1.00E+04 
1.00Et05 
l.OOE-t-06 
200 1.00E+07 
200 1.00E+08 
200 l.OOE-t-04 
200 l.OOE-t-05 
200 1.00E+06 
200 1.00E+07 
200 1.00E+08 
200 1.00E-t-04 
200 1.00E+05 
200 t.00E+06 
200 1.00E+07 
200 1.00E+08 
200 1.00E+04 
200 1.00E-t-05 
200 l.OOE-t-08 
200 1,00E-t-07 
200 1.00E+08 
200 1,00E-t-O. 
30000 o.625 1.66666667 4.26666667 12.2324159 a.327906n5 1.13E-o2 4.72205028 
30000 0.625 1.66666667 4.26666667 122.324159 14.80934515 
26.33515355 
1.737176245 
3.089184748 
5.493433632 
30000 0.625 1.66666667 4.26666667 1223.24159 
30000 0.71428571 
30000 0.71428571 
30000 0.71428571 
30000 0. 71428571 
30000 0.71428571 
30000 0,83333333 
30000 0.83333333 
30000 0.83333333 
1.25 
1.25 
1.25 
1.25 
1.25 
2.45 0.12232416 
2.45 1.22324159 
2.45 12.2324159 
2.45 122.324159 9.768859917 
2.45 1223.24159 17.37176245 
1.44 0.12232416 1.166114479 
1.44 1.22324159 2.073677368 
1.44 12.2324159 3,687577766 
30000 0.83333333 1 1.44 122.324159 6,557543615 
30000 0.83333333 1 1.44 1223.24159 11.66114479 
30000 1 0,83333333 0.83333333 0.12232416 0,773719218 
30000 1 0,83333333 0.83333333 1.22324159 1.375888954 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
1 0.83333333 0.83333333 12.2324159 2.446714998 
1 0.83333333 0.83333333 122.324159 4.350942904 
1 0.83333333 0.83333333 1223.24159 7.73719218 
1.25 0.71428571 0.45714286 0.12232416 0.493183198 
1.25 0.71428571 0.45714286 1.22324159 0.877017526 
1.25 0.71428571 0,45714286 12.2324159 1.55958221 
1.25 0,71428571 0.45714286 122.324159 2.773372931 
1.25 0.71428571 0.45714286 1223.24159 4.93183198 
0.625 5 12.8 0.12232416 6.003116837 
3.59E·03 8.39712478 
1.t3E-03 14.9324341 
4.93E-02 5.20243336 
1.56E·02 9.25138012 
4.93E-03 16.4515388 
1.56E·03 29.2554327 
4.93E-04 52.0243336 
2.22E-o2 17.1994519 
7.03E-03 30.5854312 
2.22E·03 54.31194426 
7.03E-04 96.7196259 
2.22E-04 171.994519 
9.79E-03 58.8827411 
3.10E-03 104.709966 
9.79E-04 186.203577 
3.10E·04 331.1219117 
9.79E-05 588.827411 
3.98E-03 227.35963 
t.26E-03 404.308949 
3.98E-a.l 71tl.974279 
1.26E-04 1278.53716 
3.98E·05 2273.5963 
5,89E·01 0.126068115 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
MoHo Azul 
Morro Azul 
MOHO Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
MOHO Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
MOHO Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41E-+11 
12500 4500 5000 1.41 E+ 11 
12500 4500 5000 1.41 E-t-11 
12500 4500 5000 1.41E-+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41 E+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41E+11 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
4500 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
1.41E-+11 
1.41E+11 
1.41E-+11 
1.41E+11 
1.41E+11 
1.41E+11 
1.41E+11 
1.41E+11 
1.41E-+11 
1.41E+11 
1.41E-+11 
1.41E+11 
1.41E-t-11 
1.41E+11 
1.41E+11 
1.41E-t-11 
1.41E+11 
1.41E-t-11 
1.41E+11 
1.41E+11 
1.41E-+11 
1.41E-t-11 
1.41E+11 
1.41E+11 
1.41E+11 
1.41E+11 
1.41E+11 
1.41E+11 
1.41E-+11 
1.41E+11 
1.41E+11 
1.41E+11 
1.41E-+11 
1.41E+11 
1.41E-t-11 
1.41E+11 
1.41E+11 
1.41E+11 
1.41E-+11 
1.41E+11 
1.41E+11 
1.41E+11 
1.41E+11 
1.41E+11 
1.41E+11 
1.41E+11 
1.41E+11 
12500 4500 5000 t.41E+11 
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10000 
10000 
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10000 
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10000 
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750 
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300 
300 
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250 
250 
250 
250 
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200 
200 
200 
400 
400 
400 
400 
400 
350 
350 
200 1.ooe ... o5 
200 1.00E+06 
200 1.00E+07 
200 1.00E+08 
200 1.00E+04 
200 1.00E+05 
200 1.00E+06 
200 1.00E+07 
200 t.OOE+OB 
200 1.00Et04 
200 I.OOE-o-05 
200 t.OOE-o-06 
200 I.OOE-o-07 
200 1.00E-o-08 
200 1.00E+04 
200 1.00E+05 
200 1.00E+06 
200 1.00E+07 
200 1.00E+08 
200 1.00E+04 
200 1.00E+05 
200 1.00E-o-06 
200 1.00E+07 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
1.00E+08 
1.00E+04 
t.OOE-o-05 
1.00E+06 
1.00E+07 
1.00E+08 
1.00E+04 
1.00E+05 
1.00E+06 
1.00E+07 
1.00E+08 
I.OOE+04 
1.00E+05 
1.00E-o-06 
1.00E+07 
1.00E-o-08 
1.00E+04 
1.00E+05 
1.00E+06 
1.00E+07 
1.00E+OB 
1.00E+04 
1.00E+05 
1.00E+06 
1,00E-o-07 
1,00E+08 
1.00E+04 
1.00E+05 
1,00E+06 
1.00E•07 
l.OOE+OB 
1.00E+04 
1.00E+05 
1.00E+06 
1.00E+07 
1.00E+OB 
1.00E-t04 
1.00E+05 
1.00E+06 
1.00E-t07 
1.00E+08 
1.00E+04 
1.00E+05 
1.00E+06 
1.00E+07 
1,00E+08 
1,00E+04 
200 1.00E+05 
30000 
30000 
30000 
0.625 
0.625 
0.625 
30000 0.625 
30000 0.71426571 
30000 0.71428571 
30000 0.71428571 
30000 0.71428571 
2.5 
2.5 
2.5 
2.5 
30000 0.71428571 2.5 
30000 0.83333333 1.66666667 
30000 0.83333333 1.66666667 
30000 0.83333333 1.66666667 
30000 0.83333333 1.66666667 
30000 0.83333333 1.66666667 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
1.25 
1.25 
1.25 
1.25 
1.25 
1.25 
1.25 
1.25 
1.25 
1.25 
12.8 1.22324159 10.67521907 
12.8 12.2324159 18.98352226 
12.8 122.324159 33.75800677 
12.8 1223.24159 60.03116837 
4.9 0.12232416 2.921570554 
4.9 1.22324159 5.195368762 
4.9 12.2324159 9.238817296 
4.9 122.324159 16.42919857 
4.9 1223.24159 29.21570554 
24 0.12232416 1.710518399 
2.4 1.22324159 3.04177965 
2.4 12.2324159 5.409134121 
2.4 122.324159 9.618951833 
2.4 1223.24159 17.10518399 
1.25 0.12232416 1.048701353 
1.25 1.22324159 1.864884024 
1.25 12.2324159 3.316284862 
1.25 122.324159 5.897281088 
1.25 1223.24159 10.48701353 
0.64 0.12232416 0.634752323 
0.64 1.22324159 1.128766987 
0.64 12.2324159 2.007263092 
0.64 122.324159 3.569474627 
30000 0.83333333 
30000 0.83333333 
30000 0.83333333 
30000 0.83333333 
30000 0.83333333 
30000 
30000 
30000 
30000 
30000 
2.5 
2.5 
2.5 
2.5 
2.5 
0.64 1223.24159 
7.2 0.12232416 
7.2 1.22324159 
7.2 12.2324159 
7.2 122.324159 
7.2 1223.24159 
2.5 0.12232416 
2.5 1.22324159 
2.5 12.2324159 
2.5 122.324159 
2.5 1223.24159 
30000 1.25 1.66666667 1.06666667 0.12232416 
30000 1.25 1.66666667 1.06666667 1.22324159 
30000 1.25 1.66666667 1.06666667 12.2324159 
30000 1.25 1.66666667 1.06666667 122.324159 
30000 1.25 1.66666667 1.06666667 1223.24159 
30000 0.625 1.66666667 4.26666667 0.12232416 
30000 0.625 1.66666667 4.26666667 1.22324159 
30000 0.625 1.66666667 4.26666667 12.2324159 
30000 0.625 1.66666667 4.26666667 122.324159 
30000 0.625 1.66666667 4.26666667 1223.24159 
30000 0.71428571 1.25 2.45 0.12232416 
30000 0.71428571 1.25 2.45 1.22324159 
30000 0.71428571 
30000 0.71428571 
30000 0.71428571 
30000 0.83333333 
30000 0.83333333 
1.25 
1.25 
1.25 
2.45 12.2324159 
2.45 122.324159 
2.45 1223.24159 
1.44 0.12232416 
1.44 1.22324159 
30000 0.83333333 1 1.44 12.2324159 
30000 0.83333333 1 1.44 122.324159 
30000 0.83333333 1 1.44 1223.24159 
30000 1 0.83333333 0.83333333 0.12232416 
30000 1 0.83333333 0.83333333 1.22324159 
30000 1 0.83333333 0.83333333 12.2324159 
30000 1 0.83333333 0.83333333 122.324159 
30000 1 0.83333333 0.83333333 1223.24159 
30000 1.25 0.71428571 0.45714286 0.12232416 
30000 1.25 0.71426571 0,45714286 1.22324159 
30000 1.25 0.71426571 0.45714286 12.2324159 
30000 1.25 0,71428571 0.45714286 122.324159 
30000 1.25 0.71426571 0.45714286 1223.24159 
30000 0.625 5 12.8 0.12232416 
30000 
30000 
30000 
0.625 
0.625 
0.625 
12.8 1.22324159 
12.8 12.2324159 
12.8 122.324159 
12.8 1223.24159 
4,9 0.12232416 
6.347523234 
3.899138762 
6.933758177 
12.3301594 
21.92646858 
38.99138762 
1. 763698417 
3.136348581 
5.577304105 
9.918005053 
17.63698417 
0.931088283 
1.655735123 
2.944359677 
5.235894189 
9.31088283 
2.633515355 
4.683126132 
8.327906775 
14.80934515 
26.33515355 
1. 737176245 
3.089184748 
5.493433632 
9.768859917 
17.37176245 
1.166114479 
2.073677368 
3.687577766 
6.557543615 
11.66114479 
0.773719218 
1.375888954 
2.446714998 
4.350942904 
7.73719218 
0,493183198 
0.877017526 
1.55958221 
2.773372931 
4.93183198 
6.003116837 
10.67521907 
18.98352226 
33.75B006n 
60,03116837 
2.921570554 
30000 0.625 
30000 0.71428571 
30000 0.71428571 
5 
2.5 
2.5 4,9 1.22324159 5,195368762 
1.86E-01 0.22418564 
5.B9E-02 0.3986647 
1.86E·02 0.70893723 
5.89E-03 1.26068848 
1.40E-01 1.09367689 
4.41E·02 1.94486309 
1.40E-02 3.45851 
4.41E·03 6.15019712 
1.40E-03 10.9367689 
4.7BE·02 5.44947822 
1.51 E-02 9.69069492 
4.78E-03 17.2327632 
1.51E-03 30.6446681 
4.7BE·04 54.4947822 
1.80E·02 23.6473613 
5.69E-03 42.0516156 
1.BOE·03 74.7795222 
5.69E-04 132.978885 
1.BOE·04 236.473613 
6.59E-03 106.641262 
2.0BE·03 189.63796 
6.59E-04 337.229279 
2.0BE·04 599.687883 
6.59E·OS 1066.41262 
2.49E-Ot 0.46007867 
7.86E·02 0.81814842 
2.49E-02 1.4548965 
7 .86E-03 2.58721249 
2.49E·03 4.60078669 
5.09E-02 4.97124533 
1.61E·02 8.84026321 
5.09E·03 15.720458 
1.61E-03 27.9553669 
5.09E·04 49.7124533 
1.42E-02 33.7882413 
4.4BE·03 60.0849338 
1.42E·03 106.847801 
4.4BE·04 190.005244 
1.42E·04 337.882413 
1.13E·01 3.73310852 
3.59E·02 6.63851003 
1.13E·02 11.8051257 
3.59E·03 20.9928119 
1.13E·03 37,3310852 
4.93E-02 13.0060834 
1.56E-02 23.1284503 
4.93E·03 41.128847 
1.56E ·03 73.1385817 
4.93E·04 130.060834 
2.22E·02 42.9986298 
7.03E·03 76.4635781 
2.22E·03 135.973607 
7.03E·04 241.799065 
2.22E-04 429.986298 
9.79E·03 147.206853 
3.10E·03 261.774915 
9.79E·04 465.508942 
3.10E·04 827.804966 
9.79E·05 1472.06853 
3.98E-03 5611.399075 
1.2BE·03 1010.77237 
3.9BE·04 1797.4357 
1.26E·04 3196.34289 
3.9BE·OS 5683.99076 
5.89E·01 0.31517212 
1.86E·01 0.56046409 
5.89E·02 0.99666175 
1.BBE·02 1.77234307 
5.89E·03 3.1517212 
1.40E·01 2.73419222 
4.41E·02 4.86215774 
Morro Azul 
Morro Azul 
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Morro Azul 
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Morro Azul 
Morro Azul 
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Morro Azul 
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Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Mono Azul 
Morro Azul 
Morro Azul 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 t.41E+11 
12500 4500 5000 t.41E+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41 E+ 11 
12500 4500 5000 1.41E+11 
12500 4500 5000 t.41E+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 t.41E+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 t.41E+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41 E+ 11 
12500 4500 5000 1.41E+11 
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200 
200 
200 
200 
400 
400 
400 
400 
400 
350 
350 
350 
350 
350 
300 
300 
300 
300 
300 
250 
250 
250 
250 
250 
200 
200 
200 
200 
200 
400 
400 
400 
400 
400 
350 
350 
350 
350 
350 
300 
300 
300 
200 1 .OOE+06 
200 1.00E+07 
200 1.00E+OB 
200 1.00E•04 
200 1.ooe .. os 
2oo 1.ooe .. o8 
200 t.OOE•07 
200 1.00E+08 
200 1 .OOE•04 
200 1.00E+05 
200 1.00E+06 
200 t.OOE+07 
200 1.00E+08 
200 1.00E+04 
200 t.OOE+05 
200 t.OOE+06 
200 1.00E+07 
200 1.00E+08 
200 1.00E+04 
200 1 .ooe .. o5 
200 1.00E+06 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
1.00E+07 
1.00E+08 
1.00E+04 
1.00E+05 
1.00E+06 
I.OOE+07 
1.00E+OB 
t.OOE+04 
1.00E+-05 
1.00E+06 
t.00Et07 
I.OOEtOB 
1.00E+04 
1.00E+05 
t.OOE+06 
1.00E+07 
1.00E+08 
1.00E•04 
1.00E+05 
1.00E+06 
1.00E+07 
1.00E+08 
1.00E+04 
1.00E+OS 
t.OOE+06 
1.00E+07 
1.00E+OB 
1.00E+04 
1.00E+05 
1.00E+06 
1.00E+07 
200 1.00E+OB 
200 1.00E+04 
200 1.00E+05 
200 
200 
200 
200 
200 
200 
200 
200 
200 
1.00E+06 
1.00E+07 
1.00E+08 
1.00E+04 
1,00E+05 
1.00E+06 
1,00E+07 
1.00E+08 
1.00E+04 
200 t.OOE+05 
200 1,00E+06 
200 1.00E+07 
200 I.OOEtOB 
200 1.00Et04 
200 1.00E+05 
200 t,OOE+06 
30000 0.71428571 2.5 
30000 0.71428571 2.5 
30000 0.71428571 2.5 
30000 0.83333333 1.66866687 
30000 0.83333333 1.66666687 
30000 0.83333333 1.66666667 
30000 0. 83333333 1. 66666667 
30000 0.83333333 1.66666667 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
1.25 
1.25 
1.25 
1.25 
1.25 
30000 0.83333333 
30000 0.83333333 
30000 0.83333333 
30000 0.83333333 
30000 0.83333333 
30000 
30000 
30000 
30000 
30000 
1.25 
1.25 
1.25 
1.25 
1.25 
2.5 
2.5 
2.5 
2.5 
2.5 
4.9 12.2324159 9.238817296 
4.9 122.324159 16.42919857 
4.9 1223.24159 29.21570554 
2.4 0.12232416 1.710518399 
2.4 t.22324159 3.041n9s5 
2.4 12.2324159 5.409134121 
2.4 122.324159 9.618951833 
2.4 1223.24159 17.10518399 
1 .25 0.12232418 1.048701353 
1.25 1.22324159 1.864884024 
1.25 12.2324159 3.316284862 
1.25 122.324159 5.897281088 
1.25 1223.24159 10.48701353 
0.64 0.12232416 0.634752323 
0.64 1.22324159 1.128766987 
0.64 12.2324159 2.007263092 
0.64 122.324159 3.569474627 
0.64 1223.24159 6.347523234 
7.2 0.12232416 3.899138762 
7.2 1.22324159 6.9337581n 
7.2 12.2324159 12.3301594 
7.2 122.324159 
7.2 1223.24159 
2.5 0.12232416 
2.5 1.22324159 
2.5 12.2324159 
2.5 122.324159 
2.5 1223.24159 
30000 1.25 1.66666667 1.06666667 0.12232416 
21.92646858 
38.99138762 
1. 763698417 
3.136348581 
5.577304105 
9.918005053 
17.63698417 
0.931088283 
1.655735123 
2.944359677 
5.235894189 
9.31088283 
2.833515355 
4.683126132 
8.327906775 
14.80934515 
26.33515355 
1.737176245 
3.089184748 
5.493433632 
9.768859917 
17.37176245 
1.166114479 
2.073677368 
3.687577766 
6.557543615 
11.66114479 
o.n371921B 
1.375888954 
2.446714998 
4.350942904 
30000 1.25 1.66666667 1.06666667 1.22324159 
30000 1.25 1.66666667 1.06666667 12.2324159 
30000 1.25 1.66666667 1.06666667 122.324159 
30000 1.25 1.66666667 1.06666667 1223.24159 
30000 0.625 1.66666667 4.26666667 0.12232416 
30000 0.625 1.66666667 4.26666667 1.22324159 
30000 0.625 1.86886687 4.26668667 12.2324159 
30000 0.825 1.66666867 4.28868667 122.324159 
30000 0.825 1.86866667 4.26666667 1223.24159 
30000 0.71428571 
30000 0. 71428571 
30000 0.71428571 
30000 0.71428571 
30000 0.71428571 
30000 0.83333333 
30000 0.83333333 
30000 0.83333333 
30000 0.83333333 
1.25 
1.25 
1.25 
1.25 
1.25 
2.45 0.12232416 
2.45 1.22324159 
2.45 12.2324159 
2.45 122.324159 
2.45 1223.24159 
1.44 0.12232416 
1.44 1.22324159 
1.44 12.2324159 
1.44 122.324159 
30000 0.83333333 1 1.44 1223.24159 
30000 1 0.83333333 0.83333333 0.12232418 
30000 1 0.83333333 0.83333333 1.22324159 
30000 1 0.83333333 0.83333333 12.2324159 
30000 1 0.83333333 0.83333333 122.324159 
30000 
30000 
30000 
0.83333333 0.83333333 1223.24159 7.73719218 
1.25 0.71428571 0.45714286 0.12232416 0.493183198 
1.25 0.71428571 0.45714286 1.22324159 0.877017526 
30000 1.25 0.71428571 0.45714286 12.2324159 1.55958221 
2.773372931 
4.93183198 
6.003116837 
10.67521907 
18.98352226 
33.758oo6n 
60.031161!137 
2.921570554 
30000 1.25 0.71428571 0.45714286 122.324159 
30000 1.25 0.71428571 0.45714288 1223.24159 
30000 0.625 5 12.8 0.12232416 
30000 0.625 5 12.8 1.22324159 
30000 
30000 
30000 
0.625 
0.625 
0.625 
30000 0. 71428571 2.5 
30000 0.71428571 2.5 
30000 0.71428571 2.5 
30000 0. 71426571 2.5 
30000 0.71428571 2.5 
30000 0.83333333 1.66666667 
30000 0.83333333 1.66666667 
30000 0.83333333 1.66666667 
12.8 12.2324159 
12.8 122.324159 
12.8 1223.24159 
4.9 0.12232416 
4.9 1.22324159 5.195368762 
4.9 12.2324159 9.238817296 
4.9 122.324159 16.42919857 
4.9 1223.24159 29.21570554 
2.4 0.12232416 1.710518399 
2.4 1.22324159 3.041n965 
2.4 12.2324159 5.409134121 
1.40E-02 8.64627499 
4.41E·03 15.3754928 
1.40E·03 27.3419222 
4.7BE·02 13.6236956 
1.51E·02 24.2267373 
4.7BE-03 43.0819081 
1.51 E-03 76.6116702 
4.78E·04 136.236956 
1.60E·02 59.1184031 
5.69E·03 105.129039 
1.80E-03 186.948806 
5.69E-04 332.447212 
1.80E·04 591.184031 
6.59E·03 266.603154 
2.08E-03 474.094899 
6.59E·04 843.073197 
2.08E-04 1499.21971 
6.59E·05 2666.03154 
2.49E·01 1.15019667 
7.86E-02 2.04537106 
2.49E·02 3.63724124 
7.86E-03 6.46803121 
2.49E-03 11.5019667 
5.09E·02 12.4281133 
1.6tE-02 22.100658 
5.09E·03 39.3011451 
1.81E·03 6_9.8884171 
5.09E·04 124.281133 
1.42E-02 84.4706033 
4.48E-03 150.212335 
t.42E·03 267.119502 
4.48E-04 475.01311 
1.42E·04 844.706033 
1.13E·01 14.9324341 
3.59E-02 26.5540401 
1.13E·02 47.2205028 
3.59E-03 83.9712478 
1.1 3E-03 149.324341 
4.93E·02 52.0243336 
1.56E·02 92.5138012 
4.93E-03 164.515388 
1.56E-03 292.554327 
4.93E·04 520.243336 
2.22E·02 171.994519 
7.03E·03 305.854312 
2.22E·03 543.894426 
7.03E·04 967.196259 
2.22E·04 1719,94519 
9.79E-03 588.827411 
3.10E-03 1047.09966 
9.79E·04 1862.03Sn 
3.10E·04 3311.21987 
9.79E-05 5888.27411 
3.98E-03 2273.5963 
1.26E ·03 4043.08949 
3.98E·04 7189.74279 
t.26E·04 12785.3716 
3.98E·05 22735.963 
5.89E·01 1.26068848 
1.86E-01 2.24185636 
5.89E·02 3.98664701 
1.86E·02 7.08937229 
5.89E·03 12.6068841!1 
1.40E·01 10.9367689 
4.41E·02 19.4486309 
t.40E·02 34.5851 
4.41E·03 61,5019712 
1.40E-D3 109.367689 
4.7BE·D2 54.4947822 
t.StE·02 96.9069492 
4.78E·03 172.327632 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Mono Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Mono Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Mono Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Morro Azul 
Pluton 
llapoti 
ltapeti 
ltapeti 
ltapali 
llapeti 
ltapeU 
ltapeti 
ltapetl 
ltapeti 
ltapoli 
ltapeti 
Ita pall 
ltapeti 
ltapetl 
ltape\1 
ltapeti 
ltapetl 
ltapeti 
ltapeti 
ltapeti 
ttapetl 
ltapetl 
ltapetl 
ltapetl 
llapeti 
ltapetl 
ltapetl 
llapetl 
llapetl 
Ita pet I 
ltapeti 
ltapetl 
ltapeU 
ltapetl 
ltapotl 
llapotl 
ltapetl 
llapotl 
ltapetl 
ltapetl 
ltapotl 
Ita poll 
ltapotl 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 t.41E+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41E+11 
12500 4500 5000 t.41E+t1 
12500 4500 5000 1.41E+11 
12500 4500 5ooo t.41E+11 
12500 4500 5000 1.41 E+ 11 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41E+l1 
12500 4500 5000 1.41E+11 
12500 4500 5000 1.41E+11 
12500 4500 5ooo 1.41E+11 
12500 4500 5000 1.41 E+ 11 
12500 4500 5000 1.41 E+ 11 
12500 4500 5000 1.41E+11 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
650 
650 
600 
600 
600 
600 
600 
550 
550 
550 
550 
550 
650 
650 
650 
650 
650 
600 
600 
600 
600 
600 
550 
550 
550 
550 
550 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
\50 
\50 
200 
200 
200 
200 
200 
250 
250 
250 
250 
250 
50 
50 
50 
50 
50 
100 
100 
100 
100 
100 
\50 
\50 
\50 
\50 
\50 
300 
300 
250 
250 
250 
250 
250 
200 
200 
200 
200 
200 
300 
300 
300 
300 
300 
250 
250 
250 
250 
250 
200 
200 
200 
200 
200 
200 1.00E+07 
200 1.00E+08 
200 1.00E+04 
200 1.00E+05 
200 t.OOE+06 
200 1.00E+07 
200 1.00£+08 
200 1.00E+04 
200 1.00E+05 
200 1.00E+06 
200 1.00E+07 
200 1.00E+08 
200 1.00E+04 
200 1.00E+05 
200 1.00£+06 
200 1.00£+07 
200 1.00E+08 
200 1.00E+04 
200 t.00E+05 
200 1.00E+06 
200 1.00E+07 
200 1.00E+08 
200 1.00E+04 
200 t.OOE+05 
200 1.00E+06 
200 1.00£+07 
200 1.00E+08 
30000 0.83333333 1.66666667 
30000 0.83333333 1.66666667 
30000 1 1.25 
30000 1 1.25 
30000 1 1.25 
30000 1 1.25 
30000 1 1.25 
30000 1.25 
30000 1.25 
30000 1.25 
30000 1.25 
30000 1.25 
30000 0.83333333 
30000 0.83333333 
30000 0.83333333 
30000 0.83333333 
30000 0.83333333 
2.5 
2.5 
2.5 
2.5 
2.5 
2.4 122.324159 9.618951833 
2.4 1223.24159 17.10516399 
1.25 0.12232416 1.048701353 
1.25 1.22324159 1.864884024 
1.25 12.2324159 3.316284862 
1.25 122.324159 5.897281088 
1.25 1223.24159 10.48701353 
0.64 0.12232416 0.634752323 
0.64 1.2232415g 1.128766967 
0.64 12.2324159 2.007263092 
0.64 122.324159 3.569474627 
0.64 1223.24159 6.347523234 
7.2 0.12232416 3.899138762 
7.2 1.22324159 6.933758177 
7.2 12.2324159 12.3301594 
7.2 122.324159 21.92646858 
7.2 1223.24159 38.99138762 
2.5 0.12232416 1.763698417 
2.5 1.22324159 3.136348581 
2.5 12.2324159 5.577304105 
2.5 122.324159 9.918005053 
2.5 1223.24159 17.63698417 
1.51E·03 306,446681 
4.7BE·04 544.947822 
1.80E·02 236.473613 
5.69E-03 420.516156 
1.80E-03 747.795222 
5.69E·04 1329.78885 
1.80E·04 2364.73613 
6.59E-03 1066.41262 
2.08E-03 1896.3796 
6.59E-04 3372.29279 
2.08E·04 5996.87863 
6.59E·05 10664.1262 
2.49E-Ot 4.60078669 
7.86E-02 8.18148424 
2.49E-02 14.548965 
7.86E·03 25.8721249 
2.49E·03 46.0078669 
5.09E·02 49.7124533 
1.61E-02 88.4026321 
5.09E·03 157.20458 
1.61E·03 279.553669 
5.09E-04 497.124533 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
1.25 1.66666667 1.06666667 0.12232416 0.931088283 1.42E·02 337.882413 
1.25 1.66666667 1.06666667 1.22324159 1.655735123 4.4BE-03 600.849338 
1.25 1.66666667 1.06666667 12.2324159 2.944359677 1.42E·03 1068.47801 
1.25 1.66666667 1.06666667 122.324159 5.235894189 4.48E·04 1900.05244 
1.25 1.66666667 1.06666667 1223.24159 9.31088283 1.42E-04 3378.82413 
length width depth volume lateral ertent Tm,lntlal Tw,treezlng Tint ,far field Magma superheet Magma undercoollng Density difference vlscostty Dyke length Slnf Sm sm/sin1 ... 2 ukHJgp dyke width average velfrr time takenlyr 
12500 2000 5000 6.25E+10 10000 900 750 350 150 400 200 1.00E+04 30000 0.625 1.66666667 4.26666667 0.12232416 2.633515355 1.13E·01 0.66366374 
12500 2000 5000 6.25E+10 10000 900 750 350 
12500 2000 5000 6.25E+10 10000 
12500 2000 5000 6.25E+10 10000 
12500 2000 5000 6.25E+10 10000 
12500 2000 5000 6.25E+10 10000 
12500 2000 5000 6.25E+10 10000 
12500 2000 50oo 6.25E+10 10000 
12500 2000 5000 6.25E+10 10000 
12500 2000 5000 6.25E+10 10000 
12500 2000 5000 6.25E+10 10000 
12500 2000 5000 6.25£+10 10000 
12500 2000 5000 6.25E-t10 10000 
12500 2000 5000 6.25E+10 10000 
12500 2000 5000 6.25E+10 10000 
12500 2000 5000 6.25E+10 10000 
12500 2000 5000 6.25E+10 10000 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
6.25E+10 
6.25E+10 
6.25E+10 
6.25E+10 
6.25E+10 
6.25E+10 
6.25E+10 
6.25E+10 
6.25E+10 
6.25E+10 
6.25E+10 
6.25E+10 
6.25E+10 
6.25E+10 
6.25E+10 
6.25E+10 
6,25E+10 
6.25E+10 
6.25E-t10 
6.25E+10 
6.25E+10 
6.25E+10 
6.25E+10 
6.25E+10 
6.25E-t10 
6.25E+10 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
750 
750 
750 
700 
700 
700 
700 
700 
650 
650 
650 
650 
650 
600 
600 
BOO 
600 
600 
550 
550 
550 
550 
550 
750 
750 
750 
750 
750 
700 
700 
700 
700 
700 
B50 
650 
650 
650 
650 
BOO 
BOO 
BOO 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
150 
150 
150 
150 
200 
200 
200 
200 
200 
250 
250 
250 
250 
250 
300 
300 
300 
300 
300 
350 
350 
350 
350 
350 
50 
50 
50 
50 
50 
100 
100 
100 
100 
100 
150 
150 
150 
150 
150 
200 
200 
200 
400 
400 
400 
400 
350 
350 
350 
350 
350 
300 
300 
300 
300 
300 
250 
250 
250 
250 
250 
200 
200 
200 
200 
200 
400 
400 
400 
400 
400 
350 
350 
350 
350 
350 
300 
300 
300 
300 
300 
250 
250 
250 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
1.00E+05 30000 0.625 1.66666667 4.26666667 1.22324159 4.683126132 3.59E·02 1.18017956 
1.00E+06 30000 0.625 1.66666667 4.26666667 12.2324159 8.327906775 1.13E·02 2.09868901 
1.00E+07 30000 0.625 1.66666667 4.26666667 122.324159 14.80934515 3.59E·03 3.73205546 
t.OOE+08 30000 0.625 1.66666667 4.26666667 1223.24159 26.33515355 1.13E·03 6.63663738 
t.OOE+04 
1.00E+05 
1.00E+06 
1.00E+07 
1.00E+06 
1.00E+04 
1.00£+05 
1.00E-t06 
1.00E+07 
1.00E+08 
1.00E+04 
1.00E+05 
1.00E+06 
1.00E+07 
1.00E+08 
1.00E+04 
1.00E+05 
t.00E+06 
1.00E+07 
1.00E+08 
1.00E+04 
1.00E+05 
t.OOE+06 
t.OOE+07 
1.00E+08 
1.00E+04 
1.00E+OS 
1.00E-t06 
1.00E+07 
t.OOE+08 
1.00E+04 
1.00E+05 
1.00E+06 
t.OOE+07 
t.OOE+08 
1.00E+04 
1.00E+05 
1.00E+06 
30000 0.71426571 
30000 0.71428571 
30000 0.71428571 
30000 0.71428571 
30000 0.71428571 
30000 0.83333333 
30000 0.63333333 
30000 0.83333333 
1.25 
1.25 
1.25 
1.25 
1.25 
2.45 0.12232416 1.737176245 
2.45 1.22324159 3.089184748 
2.45 12.2324159 5.493433632 
2.45 122.324159 9.768859917 
2.45 1223.24159 17.37176245 
1.44 0.12232416 1.166114479 
1.44 1.22324159 2.073677368 
1.44 12.2324159 3.687577766 
30000 0.83333333 1 1.44 122.324159 6.557543615 
30000 0.83333333 1 1.44 1223.24159 11.66114479 
30000 t 0.83333333 0.83333333 0.12232416 0.773719218 
30000 1 0.83333333 0.83333333 1.22324159 1.375888954 
30000 1 0.83333333 0.83333333 12.2324159 
30000 1 0.83333333 0.63333333 122.324159 
30000 1 0.83333333 0.63333333 1223.24159 
30000 1.25 0.71428571 0.45714286 0.12232416 
30000 1.25 0.71428571 0.45714286 1.22324159 
30000 1.25 0.71428571 0.45714266 12.2324159 
30000 1.25 0.71428571 0.45714286 122.324159 
30000 1.25 0.71428571 0.45714266 1223.24159 
30000 0.625 5 12.6 0.12232416 
30000 
30000 
30000 
30000 
0.625 
0.625 
0.625 
0.625 
30000 0.71428571 
30000 0.71428571 
30000 0. 71428571 
30000 0.71428571 
30000 0.71428571 
2.5 
2.5 
2.5 
2.5 
2.5 
30000 0.83333333 1,66666667 
30000 0.83333333 1.66666667 
30000 0.83333333 1.66666867 
30000 0.83333333 1.66666667 
30000 0.83333333 1.66666667 
30000 
30000 
30000 
1.25 
1.25 
1.25 
12.8 1.22324159 
12.8 12.2324159 
12.8 122.324159 
12.8 1223.24159 
4.9 0.12232416 
4.9 1.22324159 
4.9 12.2324159 
4.9 122.324159 
4.9 1223.24159 
2.4 0.12232416 
2.4 1.22324159 
2.4 12.2324159 
2.4 122.324159 
2.4 1223.24159 
1.25 0.12232416 
1.25 1.22324159 
1.25 12.2324159 
2.446714998 
4.350942904 
7.73719218 
0.4931113198 
0.877017526 
1.55958221 
2.773372931 
4.93183198 
6.003116837 
10.67521907 
18.98352226 
33.758oo6n 
60.03116837 
2.921570554 
5.195368762 
9.238817296 
16.42919857 
29.21570554 
1.710518399 
3.04177965 
5.409134121 
9.6189511133 
17.10518399 
1.048701353 
1.864884024 
3.31621141162 
4.93E·02 2.3121926 
1.56E·02 4.1117245 
4.93E-03 7.31179501 
1.56E·03 13.0024145 
4.93E·04 23.121926 
2.22E -02 7.64420086 
7.03E·03 13.593525 
2.22E-03 24.1730856 
7.03E·04 42.9865004 
2.22E·04 76.4420086 
9.79E·03 26.1701072 
3.1 OE·03 46.5377627 
9.79E·04 82.7571452 
3.10E·04 147.165327 
9.79E-05 261.701072 
3.9BE·03 101.048725 
1.26E-03 179.692866 
3.98E·04 319.544124 
1.26E·04 568.238737 
3.98E-05 1010.48725 
5.89E·01 0.0560306 
1.86E·01 0.09963806 
5.B9E·02 0.17718431 
1.86E·02 0.31508321 
5.89E·03 0.56030599 
1.40E·01 0.48607862 
4.41E-02 0,8643836 
1.40E·02 1.53711555 
4.41E·03 2.73342094 
1.40E·03 4.8607116111 
4.78E·02 2.42199032 
1.51E·02 4.30697552 
4.78E·03 7.65900589 
1.51E·03 13.6198525 
4.78E·04 24.2199032 
1.80E·02 10.5099383 
5.69E·03 111.61196069 
1.80E·03 33.2353432 
ltape\1 
ltapeti 
ltapeti 
ltapeti 
ltapeti 
ltapeti 
ltapeti 
ltapeti 
ltapeti 
ltapeti 
ltape!i 
ltapeti 
ltapeti 
ltapeti 
ltapeti 
ltapeti 
ltapeti 
ltape!i 
ltapeti 
ltapeti 
ltapeti 
ltapeti 
ltapeti 
ltapeti 
ltapeti 
ltapeti 
ltapeti 
ltapeti 
ltapeti 
llapeli 
1\apeti 
ltapetl 
ltapeti 
ltapeti 
ltapeti 
ltapeti 
ltapet1 
ltapeti 
llapeti 
ltape\1 
ltapeli 
ltapeti 
ltapeti 
ltapet1 
ltapeti 
ltapeti 
ltapeti 
Ita poll 
ltapetl 
ltapeti 
ltapetl 
ltapeti 
ltapeti 
ltapell 
ltapetl 
llapetl 
ltape\1 
ltapoti 
ltapotJ 
ltapotJ 
llapetl 
ttapetl 
ltapeti 
ltapeh 
ltapoU 
llapetl 
llapetl 
ltape\l 
ttape\1 
ltapo\1 
Ita poll 
12500 2000 5000 6.25E+10 
12500 2000 5000 6.25E+10 
12500 2000 5000 6.25E+10 
12500 2000 5000 6.25E+10 
12500 2000 5000 6.25E+10 
12500 2000 sooo 6.25E+10 
12500 2000 5000 6.25E+10 
12500 2000 5000 6.25E+10 
12500 2000 5000 6.25E+10 
12500 2000 5000 6.25E+10 
12500 2000 5000 6.25E+10 
12500 2000 5000 6.25E+ 10 
12500 2000 5000 6.25E+10 
12500 2000 5000 6.25E+10 
12500 2000 5000 6.25E+10 
12500 2000 5000 6.25E+10 
12500 2000 sooo 6.25E+10 
12500 2000 5000 6.25E+ 10 
12500 2000 5000 6.25E+10 
12500 2000 5000 6.25E+10 
12500 2000 5000 6.25E+10 
12500 2000 5000 6. 25E+ to 
12500 2000 5000 6.25E+10 
12500 2000 5000 6.25E+10 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
6.25E+10 
6.25E+10 
6.25E+t0 
6.25E+10 
6.25E+10 
6.25E+10 
6.25E+10 
6.25E+10 
6.25E+10 
6.25E+10 
6.25E+10 
6.25E+10 
6.25E+10 
6.25E+10 
6.25E+10 
6.25E+10 
6.25E+10 
6.25E+10 
6.25E+10 
6.25E+10 
6.25E+10 
6.25E+t0 
6.25E+10 
6.25E+10 
6.25E+10 
6.25E+10 
6.25E+10 
6.25E+10 
6.25E+10 
6.25E+t0 
6.25E+10 
12500 2000 5000 6.25E+10 
12500 2000 5000 6.25E+10 
12500 2000 5000 6.25E+10 
12500 2000 5000 6.25E+t0 
12500 2000 50oo 6.25E+t0 
12500 2000 sooo 6.25E+t0 
12500 2000 5000 6.25E+t0 
12500 2000 5000 6.25E+10 
12500 2000 5000 6.25E+10 
12500 2000 sooo 6.25E+10 
12500 2000 5000 6.25E+t0 
12500 2000 5000 6.25E+t0 
12500 2000 5000 6.25E+10 
12500 2000 5000 6.25E+10 
12500 2000 5000 6.25E+10 
12500 2000 5000 6.25E+10 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
10000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
800 
800 
800 
800 
800 
800 
800 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
BOO 
BOO 
800 
BOO 
BOO 
BOO 
BOO 
800 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
BOO 
600 
600 
550 
550 
550 
550 
550 
650 
650 
650 
650 
650 
600 
600 
600 
600 
600 
550 
550 
550 
550 
550 
750 
750 
750 
750 
750 
700 
700 
700 
700 
700 
650 
650 
650 
650 
650 
600 
600 
600 
600 
600 
550 
550 
550 
550 
550 
750 
750 
750 
750 
750 
700 
700 
700 
700 
700 
650 
650 
650 
650 
650 
600 
600 
600 
BOO 
600 
550 
550 
550 
550 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
200 
200 
250 
250 
250 
250 
250 
50 
50 
50 
50 
50 
100 
100 
100 
100 
100 
150 
150 
150 
150 
150 
150 
150 
150 
150 
150 
200 
200 
200 
200 
200 
250 
250 
250 
250 
250 
300 
300 
300 
300 
300 
350 
350 
350 
350 
350 
50 
50 
50 
50 
50 
100 
100 
100 
100 
100 
150 
150 
150 
150 
150 
200 
200 
200 
200 
200 
250 
250 
250 
250 
250 
250 
200 
200 
200 
200 
200 
300 
300 
300 
300 
300 
250 
250 
250 
250 
250 
200 
200 
200 
200 
200 
400 
400 
400 
400 
400 
350 
350 
350 
350 
350 
300 
300 
300 
300 
300 
250 
250 
250 
250 
250 
200 
200 
200 
200 
200 
400 
400 
400 
400 
400 
350 
350 
350 
350 
350 
300 
300 
300 
300 
300 
250 
250 
250 
250 
250 
200 
200 
200 
200 
200 1.00E+07 
200 1.00E+OB 
200 1.00E+04 
200 I.OOE+OS 
200 t.OOE+06 
200 1.00E+07 
200 1.00E+08 
200 1.00E+04 
200 1.00E+05 
200 1.00E+06 
200 1.00E+07 
200 t.OOE+OB 
200 1.00Et04 
200 t.ooe ... os 
200 1.00E+06 
200 1.00E+07 
200 1.00E+08 
200 1.00E+04 
200 1.00E+05 
200 1 .OOE+06 
200 1.ooe ... o7 
200 1.00Et-08 
200 1.00E+04 
200 1.00E+05 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
1.00E+06 
1.00E+07 
1.00E+08 
1.00E+04 
t.ooe ... o5 
1.00E+06 
1.00E+07 
1.00E+OB 
1.00E+04 
1.00E+05 
1.00E+06 
t.OOE+07 
t.ooe ... oa 
1.00Et04 
1.ooE ... o5 
1.ooe ... o6 
t.OOE+07 
t.OOEtOB 
1.00E+04 
1.00E+05 
1.00E+06 
t.OOE+07 
1.00E+08 
1.00E+04 
1.00E+05 
1.00E+06 
t.OOEt07 
1.00E+OB 
1.00E+04 
1.ooe ... os 
1.ooe ... o6 
200 1.00E+07 
200 t.OOE+OB 
200 1.00E+04 
200 t.00E+05 
200 t.ooe ... oe 
200 l.OOEo~-07 
200 t.OOEtOB 
200 1.00E+04 
200 t.OOE+05 
200 1.ooe ... oe 
200 1.00E+07 
200 1.00E+08 
200 t.OOE+04 
200 t.OOEt05 
200 t.ooe ... o6 
200 1.00Et07 
30000 
30000 
30000 1.25 
30000 1.25 
30000 1.25 
30000 1.25 
30000 1.25 
30000 0.83333333 
30000 0.83333333 
30000 0.83333333 
30000 0.83333333 
30000 0. 83333333 
30000 
30000 
30000 
30000 
1.25 
1.25 
1 
2.5 
2.5 
2.5 
2.5 
1.25 122.324159 5.897281088 
1.25 1223.24159 10.48701353 
0.64 0.12232416 0.634752323 
0.64 1.22324159 1.128766987 
0.64 12.2324159 2.007263092 
0.64 122.324159 3.569474627 
0.64 1223.24159 6.347523234 
7.2 0.12232416 3.899138762 
1.2 1.22324159 6.9337581TI 
7.2 12.2324159 12.3301594 
7.2 122.324159 21.92646858 
7.2 1223.24159 38.99138762 
2.5 0.12232416 1.763698417 
2.5 1.22324159 3.136348581 
2.5 12.2324159 5.577304105 
2.5 122.324159 9.918005053 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
1 2.5 2.5 1223.24159 17.63698417 
1.25 1.66666667 1.06666667 0.12232416 0.931088283 
1.25 1.66666667 1.06666667 1.22324159 1.655735123 
1.25 1.66666667 1.06666667 12.2324159 2.9443596TI 
1.25 1.66666667 1.06666667 122.324159 5.235894189 
1.25 1.66666667 1.06666667 1223.24159 9.31088283 
0.625 1.66666667 4.26666667 0.12232416 2.633515355 
0.625 1.66666667 4.26666667 1.22324159 4.683126132 
30000 0.625 1.66666667 4.26666667 12.2324159 
30000 0.625 1.66666667 4.26666667 122.324159 
30000 0.625 1.66666667 4.26666667 1223.24159 
30000 0.71428571 
30000 0.71428571 
30000 0.71428571 
30000 0.71428571 
30000 0.71428571 
30000 0.83333333 
1.25 
1.25 
1.25 
1.25 
1.25 
1 
2.45 0.12232416 
2.45 1.22324159 
2.45 12.2324159 
2.45 122.324159 
2.45 1223.24159 
1.44 0.12232416 
30000 0.63333333 1 1.44 1.22324159 
30000 0.83333333 1.44 12.2324159 
30000 0.83333333 1.44 122.324159 
30000 0.83333333 1 1.44 1223.24159 
30000 1 0.83333333 0.83333333 0.12232416 
30000 1 0.83333333 0.83333333 1.22324159 
30000 1 0.83333333 0.83333333 12.2324159 
30000 1 0.83333333 0.83333333 122.324159 
30000 1 0.83333333 0.63333333 1223.24159 
30000 1.25 0.71428571 0.45714286 0.12232416 
30000 1.25 0.71428571 0.45714286 1.22324159 
30000 1.25 0.71428571 0.45714286 12.2324159 
30000 1.25 0.71428571 0.45714286 122.324159 
30000 1.25 0.71428571 0.45714286 1223.24159 
30000 0.625 5 12.8 0.12232416 
30000 0.625 
30000 0.625 
30000 0.625 
30000 0.625 
30000 0.71428571 
30000 0.71428571 
30000 0.71428571 
5 
2.5 
2.5 
2.5 
12.6 1.22324159 
12.8 12.2324159 
12.8 122.324159 
12.8 1223.24159 
4.9 0,12232416 
4.9 1.22324159 
4.9 12.2324159 
8.327906775 
14.60934515 
26.33515355 
1.737176245 
3.089184748 
5.493433632 
9.768859917 
17.37176245 
1.166114479 
2.073677368 
3.687577766 
6.557543615 
11.66114479 
0.773719218 
t .375888954 
2.446714998 
4.350942904 
7.73719218 
0.493183198 
0.877017526 
1.55958221 
2.773372931 
4.93183196 
6.003116837 
10.67521907 
18.98352226 
33.758006n 
60.03116837 
2.921570554 
5.195368762 
9.238817296 
30000 0.71428571 2.5 
30000 0.71426571 2.5 
30000 0.83333333 1.66666667 
30000 0.83333333 1.66666667 
30000 0.83333333 1.66666667 
30000 0.83333333 1.66666667 
30000 0.83333333 1.66666667 
30000 1.25 
30000 1.25 
30000 1 1.25 
30000 1 1.25 
30000 1.25 
30000 1.25 
30000 1.25 
30000 1.25 
30000 1.25 
4.9 122.324159 16.42919857 
4.9 1223.24159 29.21570554 
2.4 0.12232416 1.710518399 
2.4 1.22324159 3.04177965 
2.4 12.2324159 5.409134121 
2.4 122.324159 9.618951833 
2.4 1223.24159 17.10518399 
1.25 0.12232416 1.048701353 
1.25 1.22324159 1.864884024 
1.25 12.2324159 3.316284862 
1.25 122.324159 5.897281088 
1.25 1223.24159 10.48701353 
0.64 0,12232416 0.634752323 
0.64 1.22324159 1.128766987 
0.64 12.2324159 2.007263092 
0.64 122.324159 3.569474627 
5.69E-04 59.1017265 
1 .80E-04 105.099383 
6.59E-03 47.3961162 
2.0BE-03 84.2835376 
6.59E-04 149.87968 
2.08E-04 266.527948 
6.59E-05 473.961162 
2.49E-01 0.20447941 
7.86E·02 0.36362152 
2.49E-02 0.64662067 
7.86E-03 1.14987222 
2.49E-03 2.04479409 
5.09E-02 2.20944237 
1.61E-02 3.92900587 
5.09E·03 6.98687024 
1.61E·03 12.4246075 
5.09E-04 22.0944237 
1.42E-02 15.0169961 
4.48E-03 26.704415 
1.42E-03 47.4879114 
4.48E-04 84.4467751 
1.42E·04 150.169961 
t.13E-01 1.65915934 
3.59E-02 2.9504489 
1.13E-02 5.24672253 
3.59E-03 9.33013864 
1.13E-03 16.5915934 
4.93E-02 5.78048151 
1.56E-02 10.2793112 
4.93E-03 18.2794875 
1.56E-03 32.5060363 
4.93E-04 57.8048151 
2.22E·02 19.1105021 
7.03E-03 33.9838125 
2.22E-03 60.432714 
7.03E·04 107.466251 
2.22E·04 191.105021 
9.79E-03 65.4252679 
3.tOE·03 116.344407 
9.79E-04 206.892863 
3.10E-04 367.913318 
9.79E·05 654.252679 
3.98E·03 252.621811 
1.26E·03 449.232166 
3.98E·04 798.86031 
1.26E-04 1420.59684 
3.9BE·05 2526.21811 
5.89E-01 0.1400765 
1.B6E·01 0.24909515 
5.89E·02 0.44296078 
1.B6E·02 0.78770803 
5.89E ·03 1.40076498 
t.40E·01 1.21519654 
4.41E·02 2.16095899 
1.40E·02 3.84278888 
4.41 E-03 6.83355235 
1.40E·03 12.1519654 
4.76E·02 6.0549758 
1.5tE·02 10.7674388 
4.76E·03 19.1475147 
1.51E·03 34.0496312 
4.78E·04 60.549758 
1.80E·02 26.2748458 
5.69E·03 46.7240174 
1.80E-03 83.088358 
5.69E·04 147.754316 
1.80E·04 262.748458 
6.59E·03 118.490291 
2.08E·03 210.708844 
6.59E·04 374,699199 
2.08E·04 666.31987 
ltapeti 
ltapetl 
Ita pall 
Ita pall 
Ita pall 
ltapetl 
11apetl 
ltapeti 
ltapeti 
ltapeti 
ltapeti 
ltapetl 
ltapeti 
ltapeti 
1tapeti 
ltapeti 
ltapeti 
ltapeti 
Ita pall 
Ita pall 
ltapetl 
ltapeti 
ltapeU 
ltapeti 
llapeU 
ltapeti 
ltapeti 
ltapetl 
ltapeti 
ltapetl 
ltapeti 
ltapeti 
ltapeti 
llapeti 
ltapeti 
llapeti 
ltapetl 
ltapeti 
ltapeti 
ltapeti 
ltapeti 
ltapeti 
Ita pall 
llapell 
ltapeti 
ltapeti 
ltapetl 
llapeti 
ltapeti 
ltapeti 
ltapeti 
11apeti 
ltapeti 
llapeti 
ltapeti 
ltapeti 
ltapeU 
ltapetl 
ltapetl 
llapeU 
ltapeli 
ltapetl 
Ita poll 
Ita poll 
Ita pot I 
llapotl 
ltapotl 
ltapotl 
ltapoli 
llapotl 
llapotl 
12500 2000 5000 6.25E+10 
12500 2000 5000 6.25E•10 
12500 2000 5000 6.25h 10 
12500 2000 5000 6.25E•10 
12500 2000 5000 6.25E•10 
12500 2000 5000 6.25E•10 
12500 2000 5000 6.25E•10 
12500 2000 5000 6.25E•10 
12500 2000 5000 6.25E•10 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
6.25E•10 
6.25E•10 
6.25E•10 
6.25E•10 
6.25E•10 
6.25E•10 
6.25E•10 
6.25E+10 
6.25E•10 
6.25E•10 
6.25Et10 
6.25E•10 
6.25E•10 
6.25E•10 
6.25E•10 
6.25Et10 
6.25Ett0 
6.25Et10 
6.25Etl0 
6.25Et10 
6.25E•10 
6.25Et10 
6.25Et10 
6.25Et10 
6.25Et10 
12500 2000 5000 6.25E•10 
12500 2000 5000 6.25E•10 
12500 2000 5000 6.25Et10 
12500 2000 5000 6.25Et10 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
12500 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
5000 
5000 
5000 
5000 
5000 
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5000 
5000 
5000 
5000 
5000 
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5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
6.25E•10 
6.25Et10 
6.25Ett0 
6.25Et10 
6.25Et10 
6.25Et10 
6.25Et10 
6.25E•10 
6.25E•10 
6.25Et10 
6.25E+10 
6.25Et10 
6.25E•10 
6.25E•10 
6.25Et10 
6.25Et10 
6.25E•10 
6.25E+10 
6.25E+10 
6.25Et10 
6.25Et10 
6.25E+10 
6.25E+10 
6.25Et10 
6.25E+10 
6.25Et10 
6.25E+10 
6.25Et10 
6.25Et10 
6.25E+10 
6.25Et10 
6.25Et10 
6.25Et10 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
~ 
700 
-
-
-
-
-
-
-
-
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-
-
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~ 
~ 
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~ 
~ 
~ 
~ 
~ 
~ 
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~ 
~ 
~ 
~ 
~ 
~ 
~ 
~ 
~ 
~ 
~ 
~ 
~ 
~ 
~ 
~ 
eoo 
-700 
-
-
-
550 
650 
650 
650 
650 
650 
600 
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600 
600 
600 
550 
550 
550 
550 
550 
750 
750 
750 
750 
750 
700 
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650 
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600 
600 
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550 
550 
550 
750 
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650 
350 
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350 
350 
350 
350 
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350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
350 
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350 
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350 
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350 
350 
350 
350 
350 
350 
350 
350 
350 
250 
50 
50 
50 
50 
50 
100 
100 
100 
100 
100 
150 
150 
150 
150 
150 
150 
150 
150 
150 
150 
200 
200 
200 
200 
200 
250 
250 
250 
250 
250 
300 
300 
300 
300 
300 
350 
350 
350 
350 
350 
50 
50 
50 
50 
50 
100 
100 
100 
100 
100 
150 
150 
150 
150 
150 
200 
200 
200 
200 
200 
250 
250 
250 
250 
250 
50 
50 
50 
50 
50 
200 
300 
300 
300 
300 
300 
250 
250 
250 
250 
250 
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200 
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400 
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400 
400 
350 
350 
350 
350 
350 
300 
300 
300 
300 
300 
250 
250 
250 
250 
250 
200 
200 
200 
200 
200 
300 
300 
300 
300 
300 
200 1.ooe ... oa 
200 1.00Et04 
200 1.00Et05 
200 1.00E+06 
200 1.00Et07 
200 I.OOE+OB 
200 1.00Et04 
200 1.00Et05 
200 1.00E t06 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
1.00Et07 
1.00Et08 
1.00Et04 
1.ooe...o5 
1.ooe ... o6 
1.00Et07 
t.ooe ... o8 
t.OOEt04 
1.00Et05 
1.00Et06 
1.00Et07 
1.00Et08 
1.00Et04 
t.OOEtOS 
1.00E+06 
1.00Et07 
1.ooe ... oa 
1.00Et04 
1.00Et05 
1.00Et06 
t.ooe ... o7 
1.00E+OB 
1.00Et04 
1.00Et05 
1.00Et06 
200 1.00E+07 
200 t.OOEtOB 
200 1.00Et04 
200 1.00Et05 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
1.00Et06 
1.ooe ... o7 
1.ooe ... o8 
1.00E•04 
1.00Et05 
1.00E+06 
1.00E+07 
1.ooe ... os 
1.ooe ... o4 
1.00Et05 
1.ooe ... o6 
1.00Et07 
1.00Et08 
1.00E+04 
I.OOEtOS 
1.00Et06 
1.00E+07 
1,00Et08 
1,00Et04 
1.00Et05 
1.oOEt06 
1.00Et07 
1.00Et08 
1.00Et04 
1.00Et05 
1.00E+06 
1.00E+07 
t.OOE+08 
1.00E+04 
1,00E-t05 
I,OOE+06 
I,OOEt07 
1.00E+OB 
30000 1.25 
30000 0.83333333 
30000 0.83333333 
30000 0.83333333 
30000 0.83333333 
30000 0.83333333 
30000 
30000 
30000 
5 
2.5 
2.5 
2.5 
0.64 1223.24159 6.347523234 
7.2 0.12232416 3.899138762 
1.2 1.22324159 6.933758tn 
7.2 12.2324159 12.3301594 
7.2 122.324159 21.92646858 
7.2 1223.24159 38.99138762 
2.5 0.12232416 1.763698417 
2.5 1.22324159 3.136348581 
2.5 12.2324159 5.577304105 
30000 2.5 2.5 122.324159 
30000 2.5 2.5 1223.24159 
30000 
30000 
1.25 1.66666667 1.06666667 0.12232416 
1.25 1.66666667 1.06666667 1.22324159 
30000 1.25 1.66666667 1.06666667 12.2324159 
30000 1.25 1.66666667 1.06666667 122.324159 
30000 1.25 1.66666667 1.06666667 1223.24159 
30000 0.625 1.66666667 4.26666667 0.12232416 
30000 0.625 1.66666667 4.26666667 1.22324159 
30000 0.625 1.66666667 4.26666667 12.2324159 
30000 0.625 1.66666667 4.26666667 122.324159 
30000 0.625 1.66666667 4.26666667 1223.24159 
30000 0.71428571 
30000 0.71428571 
30000 0.71428571 
30000 0.71428571 
30000 0.71426571 
30000 0.83333333 
30000 0.83333333 
30000 0.83333333 
30000 0.83333333 
1.25 
1.25 
1.25 
1.25 
1.25 
2.45 0.12232416 
2.45 1.22324159 
2.45 12.2324159 
2.45 122.324159 
2.45 1223.24159 
1.44 0.12232416 
1.44 1.22324159 
1.44 12.2324159 
1.44 122.324159 
30000 0.83333333 1 1.44 1223.24159 
30000 1 0.83333333 0.83333333 0.12232416 
0.83333333 0.83333333 1.22324159 
0.83333333 0.83333333 12.2324159 
9.918005053 
17.63698417 
0.931088283 
1.655735123 
2.9443596n 
5.235894189 
9.31088283 
2.633515355 
4.683126132 
8.327906775 
14.80934515 
26.33515355 
1.737176245 
3.089184748 
5.493433632 
9.768859917 
17.37176245 
1.166114479 
2.073677368 
3.687577766 
6.557543615 
11.66114479 
0.773719218 
1.375888954 
2.446714998 
30000 
30000 
30000 
30000 
30000 
30000 
0.83333333 0.83333333 122.324159 4.350942904 
0.83333333 0.83333333 1223.24159 7.73719218 
1.25 0.71428571 045714286 0.12232416 0.493183198 
1.25 0.71428571 0.45714286 1.22324159 0.877017526 
30000 1.25 0.71428571 0.45714286 12.2324159 
30000 1.25 0.71428571 0.45714286 122.324159 
30000 1.25 0.71428571 0.45714286 1223.24159 
30000 0.625 5 12.8 0.12232416 
30000 0.625 5 12.8 1.22324159 
30000 
30000 
30000 
0.625 
0.625 
0.625 
30000 0.71428571 
30000 0.71428571 
30000 0.71428571 
30000 0. 71428571 
30000 0. 7 I 428571 
2.5 
2.5 
2.5 
2.5 
2.5 
30000 0.83333333 1.66666667 
30000 0.83333333 1.66666667 
30000 0.83333333 I .66666667 
30000 0.83333333 1.66666667 
30000 0.83333333 1.66666667 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
30000 
1 
1.25 
1.25 
1.25 
1.25 
1.25 
30000 0.83333333 
30000 0.83333333 
30000 0,83333333 
30000 0.83333333 
30000 0.83333333 
1.25 
1.25 
1.25 
1.25 
1.25 
12.8 12.2324159 
12.8 122.324159 
12.8 1223.24159 
4.9 0.12232416 
4.9 1.22324159 
4.9 12.2324159 
4.9 122.324159 
4.9 1223.24159 
2.4 0.12232416 
2.4 1.22324159 
2.4 12.2324159 
2.4 122.324159 
2.4 1223.24159 
1.25 0,12232416 
1.25 1.22324159 
1.25 12.2324 I 59 
1.25 1 22.324159 
1.25 1223.24159 
0.64 0.12232416 
0.64 1.22324159 
0.64 12.2324159 
0.64 122.324159 
0.64 1223.24159 
7.2 0.12232416 
7.2 1.22324159 
7.2 12.2324159 
7.2 122.324159 
7.2 1223.24159 
1.55958221 
2.n3372931 
4.93183198 
6.003116837 
10.67521907 
18.98352226 
33.758006n 
60.03116837 
2.921570554 
5.195368762 
9.238817296 
16.42919857 
29.21570554 
1.710518399 
3.04177965 
5.409134121 
9.618951833 
17.10518399 
1.048701353 
1.864884024 
3,316284862 
5.897281088 
10.48701353 
0.634752323 
1.128766987 
2.007263092 
3.569474627 
6,347523234 
3,899138762 
&,9337581n 
12.3301594 
21.92646858 
38.99138762 
6.59E-05 1184.90291 
2.49E-01 0.51119852 
7.B6E-02 0.9090538 
2.49E-02 1.61655166 
7.86E·03 2.87468054 
2.49E-03 5.11198521 
5.09E·02 5.52360592 
1.61E-02 9.82251468 
5.09E-03 17.4671756 
1.61E-03 31.0615187 
5.09E-04 55.2360592 
1.42E·02 37.5424904 
4.4BE·03 66.7610376 
1.42E-03 118.719779 
4.4BE-04 211.116938 
1.42E-04 375.424904 
1.1 3E·01 6.63663738 
3.59E-02 11.8017956 
1.13E-02 20.9868901 
3.59E-03 37.3205546 
1.13E-03 66.3663738 
4.93E-02 23.121926 
1.56E·02 41.117245 
4.93E-03 73.1179501 
t.56E·03 130.024145 
4.93E-04 231.21926 
2.22E-02 76.4420086 
7.03E-03 135.93525 
2.22E-03 241.730856 
7 .OJE-04 429.865004 
2.22E-04 764.420086 
9.79E-03 261.701072 
3.1 OE -03 465.377627 
9.79E·04 827.571452 
3.10E·04 1471.65327 
9.79E·OS 2617.01072 
3.9BE·03 1010.48725 
1.26E -03 1796.92866 
3.9BE-04 3195.44124 
1.26E·04 5682.38737 
3.9BE-05 10104.8725 
5.89E·01 0.56030599 
1.86E-01 0.99638061 
5.89E-02 1.77184312 
1.86E·02 3.15083213 
5.89E·03 5.6030599 
1.40E·01 4.86078618 
4.41E·02 8.64383598 
t.40E·02 15.3711555 
4.41E·03 27.3342094 
1.40E-03 48.6078618 
4.78E-02 24.2199032 
1.51E·02 43.0697552 
4.7BE-03 76,5900589 
1.51E·03 136.198525 
4.78E·04 242.199032 
1.80E·02 105.099383 
5.69E-03 186.896069 
t.BOE -03 332.353432 
5.69E-04 591.017265 
t.80E-04 1050,99383 
6.59E-03 473.961162 
2.08E-03 842.835376 
6.59E·04 1498,7968 
2.0BE -04 2665.27948 
6.59E-05 4739,61162 
2.49E-01 2.04479409 
7.B6E·02 3.63621522 
2.49E·02 6.46620666 
7.86E·03 11.4987222 
2.49E·03 20.4479409 
ltapgll 12500 2000 5000 6.25E+10 1000 700 600 350 \00 250 200 1.00E+04 30000 2.5 2.5 0.12232416 1. 763698417 5.09E·02 22.0944237 
ltapeti 12500 2000 5000 6.25E+10 1000 700 600 350 \00 250 200 1.00E+OS 30000 1 2.5 2.5 1.22324159 3.136348581 1.61E·02 39.2900587 
llapeti 12500 2000 5000 6.25E+10 1000 700 600 350 \00 250 200 1.00E+06 30000 1 2.5 2.5 12.2324159 5.Sn30410s 5.09E·03 69.8687024 
llapeti 12500 2000 5000 6.25E+10 1000 700 600 350 \00 250 200 1.00E+07 30000 1 2.5 2.5 122.324159 9.918005053 1.61E-03 124.246075 
ltapeti 12500 2000 5000 6.25E+10 1000 700 600 350 \00 250 200 1.00E+OB 30000 1 2.5 2.5 1223.24159 17.63698417 5.09E ·04 220.944237 
ltapeti 12500 2000 5000 6.25E+10 1000 700 550 350 \SO 200 200 1.00E+04 30000 1.25 1.66666667 1.06666667 0.12232416 0.931088283 1.42E-02 150.169961 
ltapeti 12500 2000 5000 6.25E+10 1000 700 550 350 \SO 200 200 1.00E+05 30000 1.25 1.66666667 1.06666667 1.22324159 1.655735123 4.48E·03 267.04415 
ltapeti 12500 2000 5000 6.25E+10 1000 700 550 350 \SO 200 200 1.00E+06 30000 1.25 1.66666667 1.06666667 12.2324159 2.9443S9sn 1.42E·03 474.879114 
ltapeti 12500 2000 5000 6.25E+10 1000 700 550 350 \50 200 200 1.00E+07 30000 1.25 1.66666667 1.06666667 122.324159 5.235894189 4.48E-04 844.467751 
llapett 12500 2000 5000 6.25£+10 1000 700 550 350 \SO 200 200 1.00E+08 30000 1.25 1.66666667 1.06666667 1223.24159 9.31088283 1.42£-04 1501.69961 
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